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FIGURE 1.1: PENrADYNE LIFE CYCLE COSTS COMPAIUSON BETWEEN LEAD ACID AND FLYWHEEL BAT1'ElW!'.S 
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2.3 The Segmented Halbach Array 

K_ Halhach de,efib;,:; lh" 11"., den>.ity in:;idc a circular dipo le alTaY with ~4uation ~.I: 

(2.1 ) 

R" resultanl flu,- densily 

H," remHnence of the rare eatth magnet 

r, "in""r radius 

r,=outer radius 

M" number of se)lmenio; n",d. 

It is possible to design and implem~nt Halhach arrays. with uniform t1ux diwibUlions. by using 

standard shape magnell in,lemi of lhe .egm~nted approach. This 

wor~ is an npan,ion of the work of Dr. Halbach with the rotation 

angle of the magnets gi,en by 2.2: 

(2.2) 

wher". 

;" rotation angle of the magnetization direction and 

Ct" angle of rotalion from the "tarting position. measured radial! y outwanh from It>;, ,-eIllr~ (Fig-ure 

2.2) 

App lying this rule 10 ,arying numbers of segments the results. shown in rigure 2.3. were obtained 

by meml" of finil~ element analysis_ The results in 5 degree irn:remenl, are :;hown in Appendi'- L 

26/11107 25!l53 
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Equation 2.2 Can be used [0 predicI the angle., of different number> of segments for the H~lb~ch 

UJpolc. llluWaled in Figure 2.3 are e."ampks of tho.; nnile ekment resulls, which w,,, done for M = 

3- up to 13 segmem,. II is ob"e ,,'able that a ne.g-ating- dIcCl exi&l.' for M " 5 and highe r. on the 

oUlside (he arrays. Futthermore, as M increa.,e.s, the nux line.1 become more paralleL 

" 

, , 
',\ '':: , --. . , 

,.,~"; ~ 
V.' '1'. 

~'-;~ , 

, 
" 

When lht: ""gIlocnl magIletiT.ation is off""t Ill' an angle, the ",:;ulting tlux is 'till of the same quality. 

Shown in Figure 2.4 are lhe re.sult:; of ~ J2-seglnenl HalhllCh array, Wilh angle., offsc( limn tho.; 

.'latting po.,ilion. The >latting ~ngle was r(){ateu in incremems of 5 degr~~s and lh~ result, noted. At 

an angle of 90 ocgr.xs, the resulting problem i., the :;ame a:; the original, (urned through 'Xl degrees, 

,lu~ (0 'ynm'!elr;'. 

Adding a rotation ang-k, a( the «uoting l)Osition, to equalion 2.2 giws the mor~ g~ncrali7.~d form: 

26/11/07 26/L~3 
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(2_3) 

where: 

<5 = angle at the qatting position 

,,= rotation angle of the magnClization direction and 

a = angle ofrotition from the ,raning position (refer to Figurc 2.2) 

Whil e thi s effect is of I ittl e practical valuc for direct Implcmentation, it due, ,how that for magnets, 

coming from the same magnet iZing oven and thus :;imilar deviatiun from the normal, lhe effect on 

lhe linal Halbach array only resulls in a slight shill in the direction of lhe flux line" 

2.4 Halbach dipole using rectangular magnets 

With the use of reclangular magnCls, the effccl of diffcrenl number, of ""'g:ment,' were studied 

using the finite cleIllCllt mClhod. The re, ulting tluxe:; WCre found to be uf ,imilar '-lualily 10 that of 

Clfcular segment:;. but slightly reduccd. This is due to lhe reduccd amount uf magnetic material 

when uS! ng rectangular magnets instead of circular segments. 

The magnctic remanencc in c'-jumion 2.1 has lu be replaced by lhe effec1ive remanence, which tS 

propottional \0 the raliu uf the rectang:ular area to the area of the segment that the rectangular 

magnet rcphlCe~. .. 
n ,,"-'- ''Ii' '~ ' .... , , 1 'I I. ... 1 j 

f "'" ( t. --""r c< , . 

1. " , . ,. -

.~. #I < ~ 

r . ' .. ' -_. - j' 
. .,; , -

1 , .. 

" \~ i"'t ,- 1,1 \ " \ '--(" -,\ 
, , -.I-- - • ~ / 

'" ... '" , , 

26111/01 271153 
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Shown in Figure 2.5 are e,;.ample:; of finilc ebnenl resulll of 3- lu ll-""gmenl Halbach dipoles 

using rectangular mug""\<. c. Evaluating lhe re:;uill il is dear lhal lhe reLlangular "'gmentoo 

approach ,till give, re,,,unable re:;uil,. in accUldaoce with lhe modi[icathm tu the lheory of K. 

Halhach. 

fmthe mlOre, using odd numhers uf magnets hal linle effcct un the uniformity of thc ficld insidc the 

army. el\cept that for higher M. the line:; are duser tu paralleL A nioc s.cgmcnt army. for cxample. 

produces tJu~ line, thai heller approx.imales truly parallcl lines than an cight magnct arr~y. a tcn 

ll1~gr>el array approximates lruly parallel lincl hcncr than a nioc ma1/.net array etc. The magn~t' can 

also he slacled m iocrease the raliu uf magnctic 10 non·magnctic ll1aterial in an array_ One such 

arr~ngement was "sed rm "" 1~""",,<.IO,"" 

horn lhese r6ull, it is concludcd that (xid numhers of rectangular magnets will re:;uil in adequatc 

qualily magnctic field<; for u;e in high efficiency machioc,. 1bc Finite clement rcsult~ are ,hown in 

Appendi.~ L 

2.5 Multi pDle arrays 

K. Halbach alsu described thc method involvin1/. multi pole arm;'s. This waS invcstigatcd using the 

26111107 2&1153 
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linite element method to determine whether the use of odd numbers of di>crete magnets will still 

prove true for the theory. The analysi> was tuken one step further and fractional numbers of magnets 

lX'r pole pair. i.e. fewer magnet- (han pole pairs. were at:tempted, TIll> in itself j>, of eOUf>e. not 

poShible for a dipole dne to the geollll'trlcal limitation. In o~r to dettmli"" the mag""ti7ation 

angle>. an empirical formula Waf, dcri,·cd. 

I'm the dipole. tire magnetization angle was taken through 0"" full rotution from one pole to the 

next The logical oequence for a multi pole arruy wwld be to have the pole, pointing radially from 

and to the c~n(re in alternating fashion. 

360 degrees rotation for 2 poles, i.e. 2 tim~ the angle offth" Marting po,ilion. 

270 tiegr"", rotation for 4 ]XJles, i.e. 3 times the angle offth~ ,tarting po,ition, 

240 degrees rotation for (> poles. i, e. 4 times the angle off the ,tarting po,ition, 

225 degrees rotation for ~ jX>Ies, i.e, 5 time, the angle off the starting position, 

216 degree> rotation for 10 pole,. i.e, 6 time. the angle off the >tatting position and 00 timh. 

Therefore the angl" of rotation of the magnetization direction is: 

180+~ 2. .+-
degrees= 

N 
radio.n. ,= 

360 2. (2.4) 

N N 

N = Number of pole~. 

9 = angle to rotate the magneti7ation direction 

~! i , , 
• 

• 

26/) )/07 291153 
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Thi. <;equence was simulated "" multi pole array:; ~nd th~ ",sull> arc ,hown in hglL[~ 2.7 and 

Figure 2.8. 

FEL"ll2.8: FEA REst"LU OF A 36-SEG'!EII, 8-Poc~ A"" A 36-SEGMENT IO-PocE I-l'LBKR Au."y 

Note how the central area in,ide the array;' practically free of magnetic flux lines and incre;)l;es in 

di3IIlcter with increa>ell number of pole> fIX the !laID" physical geometry. This attribute can he put 

to use where the mechanical propertie. and thermal propcrtie, of metallic materials are rc'llLir~d. 

The finite dement moods and results are shown in Appendix L 

2.6 Stacked Dipole Prototype Design 

Sev~ml prototypes were con,tructed to verify the dipole theoretical calculation, and finite el~ment 

analysi>. 

By doubling up standard rectangular 

magnets, a higher ma,gnet solidity, i~ 

the magnetic- v.s structral material 

ratio. is acquired. This resultell in a 

higher effectiv~ magnetic flux inside 

the Halbach array. 

FlGURE 2.9: FEA nstLT OF A 'T.CKEI> 12 =ME.'If .... L ... CO DII'OC~ 

The confIguration cho,en to fItth!. specific design is shown in Figure 2.9. 

1("11/07 301153 
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Equation 2.2 was used to calculate the orientations of the magnets for the dipoles, shown in Figure 

2.10. and was laser cut from non-magnetic. grade 316. Stainle" ,teel. 

The resulting field strengths were calculated by means of a spreadsheet. A finit~ d~m~nt anul ysi' of 

the Halbach arrays was donc and Gauss meter used to measure the resulting nUll in lhe Halbach 

constructed dipoles. As secn in the comparative table 2.1 below. the theoretical. finite elem.:nt result 

and actual measured values were found to be consistent. The picrure in shows a actual Gauss teSl 

being performed. 

" '. • '. , 
• ~ " OM 0."" 

• 00 , ,~ 0.= 

• 655 " ,re 0.6535 

Th,· re,u lt, Q[ allth~ FEA st lldi ~, Jon~ ar~ li, t~ J ill ApP<:IlJ i.\.l. 

2.7 Halbach machine Design 

The ()hi~ct jv~ j, lu Jdelll1ill~ the e<jualiOlls for the brushles' Halboch mach ine from t,r;l principles 

and rewritten in terms of a DC machine equation. The machine can be single or poly phase, 

determined by physical and economical constraints. 

2fi/ll/07 31/153 
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Consider a set of three pha", coils consisting of copper windings wound onto a non-magn..tic, nOn 

conductive. core. With the permanent magnetic field rotating, large oody currents will be generated 

in any magnetic and conducti ve circuit, in the vicinily of the field. 

Having a conductor in a unifrnm flux. the air gap between the coils and the rotor inside the 

perimeter is of no signifinuoce for thi, machine', efficiency. The torque generated is directly 

proporrional to the ampere turns and ""diu, from the rotational centre in a Halbach array and the 

fundamental relationships, for a single conductor, one given hy: 

F=H·/-i 

T=H /-i-r 

~1. 

P=T·w 

, where: 

F = Force [Newton] 

(2.'i) 

(2_6) 

(2_7) 

H = Magnetic Au:\: [Tesla] 

L = I~nglh of conductor [mete,,] 

i = curr~nt [Amperes] 

r = radius [meters] 

T= Torque [Newton meters] 

(fJ '" angular velocity [radians per second] 

To accurately estimate the magnetic forces in a machine, th e torque and power should be iutegraled 

a101lg the circumferential direction of the conductors in the "ir gap. For simplicity, the conductors 

are considered as a single wire. 

26/11/07 321153 
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Consider the drawing in Figure 2.12. The fidel windings <= ,hoWTl a. 5 wires. In the actual machine 

tm,se pairs represent< several windings. Say a current is running in one pha,e only This will cau,e a 

force on the winding and the magr>etic field, which ure equal and opJXI,ite. 

In this machin~ the windings are kept stationary and the Halbach array is free to rotate. Assuming a 

rotational centre coincides with tm, geometric centre, the forces. descrihed hy equation 2.5, ~cts 

between the magnetic fidd and the windings. TItis tran;lates into a net torque, as descrihed hy 

equation 2.6. 

The voltage of thi, machine i, purely a function of wire resistance and tile machine inducecl 

electromotive force (emf). In order to control the device will require: 

• Controlling the current to and from tm, machine 

• Limiting the maximum voltage 

A con,tam current. which can be controlled to a requireel value, can he used to accelerate the 

2tilll/01 331153 
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machine. given Ihallhc induced TOrque is larger than the frictional forc~s. The machiI!<.' is a !rue two 

pole pennanent magnet. 3"pha,c AC syochrooous machine. Lookiug from tm, OC :;ide of the 

conv~ner. the machire plus the con.erter can be deocribcd in tenns of OC machine equations. hellCe 

tm, tenn brmh less OC machine. 

By <witching the CUll'CDl in Q controlled mJnller results ill a square wave curr~nt oUtplll on ,h~ 3-

pha<.e side. With the rotor being a fixed magnetic field and the willdings on a non-magnetic core, 

the voltage equation for a OC mochine. uti the IX: >.ide of the convcrter, applics i.c.: 

E==KIPw+ l·R (2.8) 

. where 

E", Induced machine E.'\1F (el""tromOlivc force) 

4>", Flux den<ity, fixed for a permaneDl Halbach array 

til '" Ollgular v~ l<>city in radiam per <econd 

,- Winding Current 

N '" Resistancc measured over the switches and the wimlings, 

K = machine comtanL 

The induced voltage can be estimated by th ~ ,h~ i MULti on law {AE. Filzgerald, 0.10. 

Higginbotham and A. Grabel): 

V ,==N d<p 

, '" 
.wher~ 

v, = Induced Voltage 

N", Number of lums 

(2.9) 

= Rate of ~hauge of mag[lClic nllx 

For a coudoclOr loop the indllced voltage becomes: 

V,= w$ ~sin (wt) (2.10) 
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.where 

w = angular velocity in radians per , econd 

r!>_ = Magnetic flu>; given by tm, rdaticmship 

4> ==BA - (2.11) 

• where: 

B " calculated Flu>; den'ity of 1m, Halbach array equation 2.1. and adjusted according to the 

magnetic area reduction described in section 2.4 

A = Area enclosed within a conductor loop 

For this machine running at 90000 rpm with a flu>; den,iry of 0.4 Te8la and a mean =a of 0.025 X 

0.020m per winding, the induced Voltage in equation 2.\0 reducC'S to: V;=2.43Nsin(wl) per 

wmding, wilh N = number of windings. The RMS. thc Root Mean Square or DC equivalent, value 

for a ,inusoidal wave shape has a value of 

;,peed. 

The fundamental equalions [or lhree phw;c, are: 

v =V 
I.-I. ". 

. for a delta or: 
-

(2.12) 

volt, I"'l' ph"",e per winding alllliUimum 

V,_,=~'3·V ". (2.13) [or a ,lar. or Y connected machine. where: 

V",- = RMS Line to Line Voltage 

v,.. = RMS Phase voltage 

Different configuration, of windings was tesled. Thcir respective estimated ma>;imum value:; is 

'OOWll in Table 2.2. This dictates the ratings for the choice of Swil~hing device. as semiconductor 

device~ are generally more sensitive to over voltage8 and currents than a lypical brushed DC 
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machill<'. 

Windings 

14 

20 

2S 1 

VI., (Delta Connected) 

24V 

34.3V 

42.9 V 

Substituting for Kif! in equation 2.8 we get : 

K< 
E=-- w+! R 

900 

where: 

(2.14) 

E =Maximum mtoo voltage for the machine 

Vu (Star Connected) 

41.6 V 

59.4 V 

74.3 V 

R = Combined resistance of the switches (MOSf'ET, IGI:lT ~tc.) and the winding'. 

2.8 Hybrid Magnetic Bearings 

R. Mos...;r. J. Sandlner & Il. Bleuf<'T describes Earnshaw" 1942 discovery LIlat passive magnetic 

bearings cannot reach a stabl~ ~quilibrium on their own, also kno"n as Earnshaw's theorem. 

Funhermore they descritx. the principle of diamagne~c levitation for flywheels. which could not be 

made to work in their pf<'sent configuration. 
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J.D. Stienmeyer. S.c. Thielman and B.C. Fabi~n d~scribes an iJlht,rently stable hybrid type bearing. 

Shown in Figure 2. 12. the bearing consists of an axial journal ball bt:aring. cOlllbin~d with two 

radi al. r~pd l ing type fXL'isive magnetic bearings. 

l lle " uli al bearings can consist of two axially magnetired rings or a ri ng and a disk as the forces and 

stiffness are iml~pell!knt of the direction of magnetization (J.P. Yonnet), i.e . rad ial Of axial 

magnetization. Th~ fonnt:r is simpler to manufacture and commercially available. 

J.D. Stienmeyer, S.c. Thielman and B.C. Fallien calculated the journal bearing lo>ses In he small 

enough to allow for run down times of over 200 days. O. Bouty had shown a method for 

quantifying the magnetic bearings losses analytically. Thi. i. nece"ary to deWnn..in~d the heating 

dTect on the magnets in a low pressure environment. 

2.1 Hybrid Magnetic Bearing Stability 

The stabiliTy 0/ th _ J.D. Stienmeyer. S.C. Thielman and B.c. rabi~n model is !lased on the stability 

of a spinning top and limiting the preco:ssion (wobble) by using two pairs of radial magnetic 

bearings. ],-Yi Sh~n and Brian C. Fabien describe the active contml of thi. syst~m. which is 

required for dynamic app lication. and machino:s types where the air gap is critical. 

In this prolOtype, the application is stationary and the outside rotor Halbach array machine i, 

insensitive to fluctuations in the air gap as the magnetic field is uniform in the ootiIe airspace. ~s 

described Ily K. Halbach. 

2.9 Radial Magnetic Bearing Stiffness 

Th~ stiffness of the radial magnetic bearing can be analytically calculated as pt:r J.D. Stienmeyer. 
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S.C, 'rhidma" a"d B.c. fabien. w;suming perf""t mag,...,ts, 

The ,tiffne" for this magnetic bearing was determill<'d by the ,ize of commercially available 

magnets that are best suited for the geometry of the flywheeL ·The theort'lical stiff,...,," wa, 

determined by finite dement analysis aI1<.l physically measnred on a prototype bearing model shown 

in Figure 2.13. 

The bearing stiffness was measured on the fr~~ ~llli. j,e. the end without the journal hearing The 

bearing experimental resnlts are listed in table 2.3 

"mer diam. Oulu <lia"'_ n;,k dill",. Height '"ff·''' /Nlm/ I 
fmml Imm] fmm] Imml 

30 60 22 10 3000 
----- _._-- ------

2tiilli07 38/[53 
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In c"'llparis~n, J.D. Sllcnllwyer. S.c. Thidma l1 all" ij C. b hi en ochie\ e\i !l nldi,,1 $liITne5$ ~f 600 

2.10 Radial A1agnetic Bearing Losses 

in Fi:;:u[c 2. 14. 

• • 
I 

\ , 
I 

J ' I 
I 

Sh"'''n in the f'igu re 2. 1' UIKI Fi!,\ure 2 .1 Ii are the silllulMCd tc$lll ls ~[o. B('Iul)' ('I[ mag netic lxaring 

l",sse~. 

I u " .. L 
i ; 
! 
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! • 
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l 

391 153 

-'""-~ - ''''' ,- -



Univ
ers

ity
 of

  C
ap

e T
ow

n

From these simulation results, a machine running at 1600 H:t or 96 000 rpm, has a resulting rotor 

loss of 1 mW ami a stator loss of 5 mW at a di,pla<:ement of 0.1 mm.The", loss"s have to be added 

to the total bearing loss, Too 5 mW stator lo,s ha~ to be added to the heat that needs to be removed 

by the heat pipe. 

The heat from the rotor loss is generated in the magnet and oondUCh inwthe flywhed 'tmeture. In a 

ncar perfoct vacuum. this heat is cumulative, as an insignificant .mount i> radiated to the 

containment. This heat cannot be removed lium the rotating part in a perf..::t vacuum and therefore a 

low preS8l1I'e inert containment is preferable. which 00<18 to the total frictional 1o"",, 

2.11 Axial Journal Bearing 

The J,D, Stienmeycr. S,c. Thielman and B.C. Fabien hybrid magnetic bearing contains an axial 

thrust bearing. coll>; is!ing of a b'l11 resting OIl a nat platform. with the frictional loss of given by thc 

reimiOllship: 

T=0.91Tr'F·/i 

• where: 

T = Fri<:tional torque 

r = r,;diu~ of ball rest 

(2,15) 

IJ. '"' Coefficient of friction between the two surface, 

For a flywheel exerting 20 N. the frktionallosscs will be as follows rrable 2.4] 

Ball mawriul Platf orm Co<1ficietll of Fric- Torque ",,,'/I'Il P" wer /",.,. @ 9O()()() 

material rim, rpm ImWj 

Ruby / .apphirc Sapphire 

U l 5.OSge-OS 480 

Hard Steel Hard Steel 
~-. 
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Ba/ll1U1terial Plalform Coeffi";ent uj'Fric- Tortl"~ {Sm! Puwer fuss@ 90000 

materiol tio" 

+--
rpm [mltj 

--_. 
0.42 2.14e-04 2<)14 

Ca,t iron Cast [ron 0.15 7.634c-05 719 

Teflon Steel 0.Q4 2.036e-05 >9, 

T , .. ~, 2.4, FI<k 'llON V.\l.I"ffl FOOl .'.\k"'" .... TFk'o\T.S 

The prototype axial journal bearing i> shown in rigure 2, I 7 wilh a ball dimension of 6mlll running 

on a Polytetra.fluon'"thylene (feflon .... jcO'11ed sleel plalform. 

2.12 Conclusion 

It wa, proved lilrongb the u>c of the finite clement mcth<Xl that il is po"ib1c to create high quality 

Ilalb~eh arrJY' from off the <helf .tand:ml magnet •. 

It wa, ,hown lhat the start angle in the array doe, not intlucnce the quality of the resulting magnetic 

fluxes. 

TIle theorem was extellded to th~t of multi pole array< ulld it w~s ","own that l"ing frocrional 

numbers per pole <till yield. a valid Halhach array. 

The relatiomhip between the magnet and their re,pcctive orientation angles ha, been e,(ablhhed for 

boLh dipole and multi pole arrays ulld e~tendcd to UII othet stan ~nglc. 

26111107 41/153 
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The theory was verified by finite element ~nalysis ~nd actual prototypes and proved to be consistent 

with the theocetical and finite element analysis. 

The thooretical principles of machine design was derived for designing a Halbach muchine and 

verifi ed with a prototype. 

It was shown thaI cooling will be required for th~ machine gen~ator as well a. th~ flywheel itself. 

as there are heat sources 10 both. 

26111!O7 421151 
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3 Chapter 3 - Heat pipe cooling design 

3.1 Introduction 

When penna""nt magnet machine, are operated in a vacuum I low prel,ure environment. the heat 

generated by lo.se, accumulatel inside the machine. An imigniflcant aIIlount of h~at escapes 

through conduction in the ..... ire, lome through convection if lUl atmosphere i, pre,ent, and the re,;t 

mdimes hto the nearest ohject, in thi, tlesign the Halbach array. It was found that, after ",vernl 

hours of of"mlion. the NeFel:l rro.gnet. heats up ~nough to lOOVe into the revernible 

demagnetizalion regime. Despite the re<i,tive [mses in m., machine being small, in til"" the 

windings eventually overheat, which in tum re,ulh in imulation bl:cakdown. 

The resi,tive los:;es in an Halbach aImy machine is >mall and lack magnetization los:;es. since there 

are no magnelic materials in the stator The heat generated can ea>ily be conducted to the 

envirool""nt. although m",t material, that wndud heal wdl, al,o conducts electric current and will 

result in additional eddy current lossel from the rotaling magnetic field from the Halbach array. One 

such material i. diamond. with the restrktion of availability. co,t anti difficulty to machine. Mica is 

another candidate, hut too briltle for most structural applicati,m,. 

Heat pipes on the oth<.r hantl knd th~msdves well to cooling the machine in thi. environment. 

subject to condition, dtlalt with in the objective._ The", are automatic device, that move heal by 

means of a phase change from a hot to a cold end. Generally, heat pipes inclnde a wick to pump the 

contlemetl fluid back to the hOi end by capillary action 

In a thernlO.yphon, a special Cale of heat pipe, the contlen,;at" move, hack to the hot end by means 

of gravity. The, e are opemled in bolh verticallUld illClineti conflguratio",. 

261lif07 43/153 
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3.2 Objectives 

~ ohjective of thi, ~hapler is: 

• to establish the j:rinciples required for heat pipe I tr.enTIo'yphoTI de,ign for vacuum I low 

PI""SSUI"" o!",rated dc<:tri~ ma"hinery and 

• to develop. build ami lest a prototype for t~<;ting ill a bnetic storage device. 

A conmaint from a magnetic point of view r.;quires the h~at pip~ not to be maglletic or dectrically 

conductive. otherwi~ it will act as an eddy current brake to the rotating. with th~ rotating 

permanent mag""! mtor. 

3-3 Heat pipe operation 

The principle of operation is to re move the e""rgy by phase change of a coolant. Various coolant, 

have >ucC"s,fully b<.'en u,ed for various temperatu re ranges and amongst otrn,rs inclnde ammonia, 

water, CFCs, alcohols, AcelO!1e. Sodium alld Mercury, depending on the operating t..mp"ratur~s and 

de,ired cooling requirement,. 

A,,~ording to l.P Holman and L. L. Va.iliev, heat pipes in particular can move substantial amount.> 

of heat \hrough comparatively ,mall ,urface areaS and have very low thermal resistances, allowillg 

for compact heat e>:.chailgers. 

Flr.l"U 3.1 : HEAT PIPE OP •• H"'~ 

~6/11107 441l~~ 
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A heat pipe consists of a hollow ve'scl with the imler wall c",nt:J wilh a v.'id, malni,,!. Shov.n in 

Figure 3.1 is a s.;:hemalic of a heat pipe. 

The "",,,.ing fluid inside the pipe evaporates on the evaporator side of the Ileat pipe and the gas 

travels to tile cold end where it condense, 10 give offthc latent heal. "The condensed liquid is moved 

back to the hot end by capillary action of the wide The capillary pwnp allows the device to work in 

any mentation. 

Several different types of wick materials are used in heat fi-!"'s. Most recently added are tile porous 

sin!erect metal wicks. conunonly found in computer proce.'<SOr heat sinh. Z.I. Zuo, M.T. North and 

D.M. limst showed heat transfer rates fOl: uniform wid, Structures and ethanol as work Iluid of just 

over 5.6 W/cm' with unifol1n graded ,,/.,h and up to 1,9Wkm' for gmd~d wic\;.s. 

The heat transfers of several configurations are listed in table 3.1, and some lypical operating 

chamcterislics in Table 1. 

Temper/Elure Wo,king Fluid Vessel matuial 

range rCf 

---
_200to_80 Nitroge ll Slainle,s steel 

-70 to +60 Ammonia Nickel, Aluminium, 

Stainless Steel 

~' tO+120 Methauol Copper, Nickel. 

Slainless 

5 to 230 Water Copper, NicLd 

190 to 550 Mercury Stainless stee l 

f-~()O 10 8011 
-

Potassium Nickel, Stainless 

steel 
--
500 to 'Jilil Sodium Nickel, Stainless 

L steel 

26111107 45m3 
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i , 

/I"X 
IW!em'l 

67 

flux IW!cm 'I 

1.01 

295, ____ 2~_9~5'__~ 

450 

670 

25100 

5600 

9300 

15.5 

146 

181 

181 

224 
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T ~InPI! I"a tu I"~ ! Working Fluid Vt:ud Inilierial Axial Heat Surface heat 

ran!:e ("C/ fl"x flux firkin '1 

firkin 'f 

900 to 1500 Lithium Niobium 2000 207 

' 1500 to 2000 Silver TaIlttllum 4100 413 

T.uu 3.1 : 0,.. .... '""" C ........ C1DlSTICS 01' HEAT PIP£! - J.P HOI..\L'~ 

T. Payakaruk. P. TerdtOOll aDd S. Rinhide<;h der.cribes heat rir ~ operalion in a y~rtical or inclin ~d 

position, without the need for a wick. The limitatkln i:; that the eYapo£lllOr has 10 be in the lower part 

and the condenser at the top. Y.1. Park, H.K. Kang and c.J. Kin-.o ref",. to Ihis configuration at; a 

"!hennal diode" that ha:; a wide operating temperature rallge and are commonly referred to as 

thermosypoons. 

In the thennosyphon, liquid b(l)ls at the hot end [Figure 3.2J and the evaporated gas travel:; from the 

'lifface of the boiling liquid along the centre of the pipe 10 the cold end. At the cold end, the 

working fluid condenses on the inoer :;urface and the liquid i, fed back to the boiler end by lTIeallS 

of gravity. 

The simplicity of thermo,yphons greatly re<l\IC~ ' manufacturing compl~:tity and coSI, a, ,how" in 

Figure 3.2. as compared to heat ripe:; an<l omen; 'mailer than condnclion mode heal ,ink, [Table IJ. 

Thi, attribule males it the most attractive alternative for us~ to lower the ,ost 

COIltraT)' to the ,implicilY of cun.<;truCtiUII, the analytical and num~rical analysis of th~ diffusion 

inside a thermosyphon is highly complex, at; documented by A. Rodriguez-Bernal and E.S van 

Vleck. Fortunately, empirkal model s exist which .implifie' the de.ign of a pnlCticai therrnmypilon 

greatly, which will be nsed for the low cost system described in this thesl:;. 
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It was shown by A. M~yer & RT. Dobson lhal an i~clillCd thcrmosyphon is mo'''' efficient than a 

\'crtical o~c, an attribute lhal "an ~ utilized!O make the heal pipe more ~Olnpad whe~ required, 

3.4 Hear transfer 

AC(;ording to A. \1eyer & R.T, Dob,on. the heat tran,fer relationships for a venicallhermosyphon 

a", a, foliow,. A drawing of 111<: th~rmosyphon processes is shown in Figure 3.2.Ill<' maxi mum heat 

transfer is' 

(3, I ) 

" herG. 

the BOlKl number is given by: 

and the Kurutdadze number by: 

(3.3) 

where. Q ... 
out 

Q'" lleat transfer rute I W1 

d=diam"ler lm] ----
(Y= Surface I~~sion, ["'1m] 

!? = gravitalional wrlSlam of 9.81 [rnIs2] 

Q . • 
In p!=demity_ liquid lkg/m3] 

p, = densily. vapour [kg/m}1 

TM heal lran,fGr is rcp'"esented as a :;eries of thermal re,islan~Go as ,hown in Figu!"C 3.3. 
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r '~ '1 ,T 

0, 

T -,-, 
L1.4) 

where, 

T, = hot end temperature 

T, = Sink side temperature. 

II? = Sum of th.errnal r~,is!ances 

~ L, 

3 

:, 
• 

, 
• 

~ { ' 

R" = Resin to Glass fibrel~poxy composite 

R", = Composite to boiling Acetone 

R., = Coo.densing Acetone to Stainless steel 

R.. = Stainl~8S s!",,1 to air 

26111107 
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3.5 Fill charge ratio 

The fill charge ratio is the ratio ot liquid to tfle total voluIll<: of tfle lhermosyphon or heat pip<:. Y.J. 

Pari<. H.K. Kang and c.J. Kimo demon,trated tfle reiation,fIip' between fill charge ratio (equati"" 

3.5) anu other perfonnance parameters tor two pha'e thermo,yphons_ 

Mo,t notably. lhat roc low fill charge ratio, «20%) a dry out il<:at transfer limit eKist' wil<:re 110 

liquid ex;,t, at the boltom of the thermo!;yphon arul localized heatiug of the tube starts hum the 

bottom upward,. !n !hi, moUe of heal tnm,fer. all the liquid boils away from the walls of the 

evaporator befoce any of it reache, lhe bottom of the lUbe. Also. foc high fill ratio charges. the 

mnimum heat tran,fer is limited by flooding. Lastly the change in tramfer coefficient wa, 

negl i gible for all fill charge ratios. 

0.5) 

where. 

\1"= Fill ratio [% J 

V, = Volume liquid 

V,o = Volume column 

Only fill charge mtios that win maKimize tfle heat transfer will be con'idered. hence tlkl fullowing 

relation,hip noted by YJ. Park, H.K. Kang and CJ. Kimo will apply. rather than equation 3.3 [rom 

A. Me)er& R.T. Dobson. 

(3.6) 

where. the only new quanlity, h~ _latent heat ofvaporinrion [llkgJ. j, imrotluced. 
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D.A. R~ay states thal fill mtio, of 40% and higher lire requiroo to avoid problems with start up anJ 

the dry parts of the evaporator heat, up muc h mor~ than the immerred part, causing it",al 

oVff""ating. Furthermore that an entrJinment limit exists fur high axial heat flow, an<lth~ sh~ar 

force, between the counter eurr~nt liquid and vapour flow> restri~1s the li<j11id to return to the 

evaporator sioo causing failure on the evaporalOf side. W~n this is encountered. a barrier is 

""ll1ired betw~~n the returning liquid and the gases from th ~ evaporator. 

3.6 Prototype Design 

The requirements for t~ thermosyprnm is set by the prerequisite of non magnetic and non 

conductive materials in the proximity of the rotating magretic fidd of t"" Halbach "rray machine. 

Furthermore. the machine design dictates the phY'ical dimen,ions of th~ ~vaporator part of loc 

lhcnnosypoon. 

It was decided to 11';" non magnetic stainless steel as the magnclic bearing hold~r and ooodenser, 

offering th~ benefit of high re~istivity against ~ddy currents generated by stray fluxes and good 

corrosion re,i,tance. n.., lan"r presumes that it may be necessary to occommooare diff~rent types of 

work fluids in the testing phase. For the stutoriboil ~r, Pyre~ IM gla,;,; wa' cho,;"n for it', stiffutlSs, 

[air thermul conductivity and!J()!J magnetic properties. 

Acetone was chosen a' the woricing fluid. having a boiling point of only 56.1 oC, K. Geiclc, J. 

Walters. L. L. Va,il;"v <kscribcs a 16mm diameter. :;tainl ~ss sted heat pipe and acetone as working 

fluid, used 10 lran.,fer 2kW of hem. 

During tire flywheel a;sembly. it wa, found thnl th ~ gla" wa, !J(l1 tough ~!J(H1gh to ,un'i"" th~ 

as,embly process, wher~ two pairs of repelling magn~tic bt,arings and a Halbach array hud to be 

forced pa,t each other and it wa, opred to usc a fibre gla'.' !epoxy tube. The lut1cr has a much high~r 
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thermal resistance, it's usability fo.- this purpose had to be qualified by analytical calculation. sll(lwn 

below. A picture ortbe fibreglass Ihermos}l'hon i, ,hown in Figure 3.4. 

The expected maximum heat loss in the wire is calculated using the following parameters from K. 

Geiclc, J. Walter> 

Wire Data 

Parameter QTY Unit 

Cro .. section 1 mm' 

Length 0.9 m 

Resistivity 0.0172 ilmm '/m 

Resistance 0.0155 0 

DenSity 8.9 kg / dm 1 

Mass 0.0089 kg 

Specific hea t '" J/kg.K 

T,'1ILE3.2; ",' ,." 1).,.,-., FIGlIE 3.4: STATOR 

Resistive heat dissipation: 1'=1' R=20'. 0.0155- (>.2W 

It is nocessary to transfer all of the heat out through the thermosyphon.hence: 

Q "P=6.2W 

Assume a worling pressure of 2 bar, i.e. the gaseous &"n,ity or ~77 kg/m' doubks anJ >ub>liluling 

in equ'l\ions 3.2 though 3.4 and 3.6 

26/11/07 
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= 

esi~;tanlces are as 

* '" Thermal resistivity, + == thickness 

TABLE 3.3: TlmRMOSVPHON TIlERMAL RESISTANCES 

a = 
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a vacuum or near vacuum. It 

cost armature WUU111ngs 

a vacuum en'vIDOlllment. 

• can wear out. 

• are me:xpenSl 

• to construct. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

4 

"'''~''J; •• ''' were 

is to manutactlure. 

cost 

use 

• 
• 
• 

is est:aOjl1Sl1ea 

"'.U'''''l'' O,atu~m~s are eXIJecte<1 to 

an tnCletllml:e "f·rvlC~F. 

sec:u(Jln are to: 

is 

accordm2 to 

cost 

Ie:CLSIIJle as 

as 

to 

amount is 



Univ
ers

ity
 of

  C
ap

e T
ow

n

djohnson 

R.F. Post. S. F. Post defines specific energy as: 

(4.1 ) 

• where: 

/c. = Specific energy [Jlkg] 

S . .,,",, '" Tensile strength [.\1Pa] 

This equation shows that malerials with high tensile strengths and low densities have higher specific 

densities. This implies the use of composite materials ror flywheels rather than metals. they being 

less costly thao traditional materials. 

FlOUR" 4.. ., Th'" CVL""DRtCAL FLVWHEEL , l\Il"LTIPLE Rill FL'·WIIEEt. ... -'1' ULTl'llAIT SIIAPE FLVWHEEI. 

.\1. Berger and I. Porat showed, that by using a combination of pie",,-wise optimal shapes. the 

ultimate shape reduces to a combination of maximum strength and minimum thickness sections 

only. This result yields a energy density of 1.9 times that of a thin walled cylinder. 

Furthermore that a uniform thickness solid disk has an energy dell,ity of 1.52 times-, and a uniform 

strength disk 1.65 times that of a thin cylinder. Shown in Figure 4.1 are models of a thin 

cylindrical-. multiple rim and ultimatc shape flywheels. P.P. Benham & F.V. Warnock defines the 

total kinetic energy stored in a rotating body as: 

(4.2) 

26111107 55/1.'i3 
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.wilere: 

w = Kin~tic energy in Joules 

I" lllOmc~t of inenia of the body 

w = Angular velocity in mdians I Sec 

f'Ur\ilermoce, for a cylinder tile ma" moment of inertia is defined as, 

, ,0 
l=-·".·(r +r-) (4.1) 

~ ., 
< 

.wtlere : m = ma<s 

ro ,md r, = outer and inner diameter<, for a uniform stre~g1h disk. 

Using these relatio~ships, TilhJe 4.1 ']1()WS the Iheoretical L'Ilergy do.mities for comhinations of 

different materials and <hape< for a thin wallecl cylinder, a uniform strength and wtimato. shap"" 

For the uniform strength and ultimate energy shap"s. the strength values of short fibre composites 

were usecl. 11 is assu=d unnecessarily complicated and costly to attempt to manufacture complex 

smpcs wilh co~tinuous fibres and keep the fibre orientations i~ the plane requirecl. 

" .. . I 

4.4 Ultimate Shape Flywheel with Central Hole 

Th~ M, Berger ilm] l. Porm 111()del do~, nm provi<k for a cemrul hole. which i, required to eIIlocd 

26/11/07 561153 
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the bearing~ and a PM (Pennancn! Magnet) machine The ,mpact of a central hole on the specifIC 

energy was investigaled algebraically. The central hole is required to fit shafts, machines and 

bearings etc, to the flywheeL Adding the central hole to the M. Berger and I. Poral model redefines 

the generalized flywheel ~bape a~ shown in Figure 4.2. 

This model is analysed by a differentiable configuratIon of piecewise defined disk profiles. The 

profilc in Figure 4.2 is made up from 5 basic shapes and are, from left to right. defined by the 

boundaries from points P, to p. : Central hole (pj - P,), Exponential- (P, - P,), Minimum Thickness-

(P,- P,j, Maximum slope- (P. - P,) and maximum thickness profiles (p, - Po). 

wI') 

W,(r) 

.... -. ,- -- , .• , .. -
" '. '. '. '. 

FIGLRE 4.2: Pw.~"'\lSO: D':n~"b 0rSJ< Pt.Ol1I.E Wrrn CE.."TJ.AL HOLE 

'. 

In !his study an analytical derivution is demonstratcd, of shape formulas, using a mathematical 

approach. The objecLive was finding the constant continuous functions for which the SKI:: j, 

maximal. The ultimate >hal"', with the central hole. 

derived wa~ consistent with that of the original from 

M. Berger and I. Porat. 
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FOCUIL 4.6 : Of"ID!AL TU "1IEFL PRorn.,. FO .. H,GU.SJ'EED, K..2 .. 6.720 

For the high-speed range, ~tarting from 5.132 to 6.720, the centre thickne% lllU" be limited from 

violating both the stress ami the IIIIIJ<imum thicknebS con~!raim". The optimal ,hape of thi, rotating 

free-disk in the high-speed range is terminated at the maximum slope thickness. The SKE converges 

10 the upper bound below the po~~ible limit value of 2. 

26111107 63/153 
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While the disk is rotating, it creates strength con,traints, namely tangential 57 aud radial stre8s 5~. 

thus produces the following results after solving Ihe two boundary problem Equations for the 

system of two clifferenlial equations by a shooting method a< <uggesled by M. B""ger ant! I. Porat: 

"' , _,",_-c,;~, ":(r) , __ ---s+kr 
d, w( r) • 

d,. " . -"T 

d., r 

, with: 

OSrsland Bound :0' (0)=0' ; , "-,,.., 

,,(l{JoI 
/ w( 1) 

(4.30) 

(4.31) 

The Mapk soluli,m of equation 4.30, at the speed of 6.720. is shown in table 4.2. 

k' 6.720 

r interval slRJ s[ I J 
0.000000 

0.356283 , , 
0.366284 1 1 

~"29 
1 1 

0.721929 0.649766 0.89493 

1.000038 0.327935 0.798381 

1.0000038 0.328 0.7984 

T,uu 4.2: So.xuo," 1'01< ,( " .:QtA I'ION 4.30 

The stress differential equation' at the cent"' are ,ingular. This singularity is removed by solving 

the following <ptem of equations for the shape w(r) at tile centre i.e. radius r= O. 

26111107 64/153 
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, 

I 

d<. 2+ i1 l\' (0) 
-=----- ,. (() 

<1,- J ",(0) ~ 

I(~;:=_l+~tl ~~'i~;\.,:OI 
(4.32) 

Each configuration obtained has its own graph of slres'<e' from Low to High ,peed. FOI tire High-

speed range, point q, (Figure 4.2). the evolved exponential ,hare starts to retreallO"ard, the centre 

of the disk and meet with point P, atlhe critical poim. This affects the Slresses, which are dropped 

10 their perrni!led level in the exponential scction. 

!'no, behal'iour of [he Slresses from the centre to the outer "'«lion of the free-disk at the high speed 

are ,hown gmphicaHy in Figure 4.7. Note lhat. as this optimization was derived in normalized form. 

lhe quamitie, shown in the graphs are dimensionless. 

High·speed Stress v.s Radius 

~ 1 • _____ .------;~.?,: . .., ...... " .........• 

"". o.~ ___ _ 
~ 

• 0.2 0.' 0.0 0.' 

r 
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, 

" 
~ 
~ ... 

G.5 

C 

0 

Medium..speed Stress v.s. Radius 

............ ~ .... -........ , 
......... 

---T -_. 
G.4 G.S 0.' , 

FlGun 4.8: SnE1lS DlS"''''urlO~ o>u. >l 'Wllli:L H :'.\[D!l.\t '"""'" 

.. ~ ............. . 

0.15 0.4 

Low-Speed Stress v.s Radius 

...................................... ....... ..... ................................. 

075 0.85 0.86 O.BE 0.9 

I'igurc 4.9: Srre.,s dimitmlioll ()v~r flywheel all.<Jw 'l=ds 

1.1 

F*Jl! 
~ 

By compari>(lll to the str~"-graph at the medium speed. lO:c ,tre»-graph proposed by M. Bergcr 

and L Pmal is similar with this Medium specd. where (hc SlCC"CS hav~ yiolat"d (h e constraint limit 

vallie. 

2ti111i07 661153 
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The finite ,mooth curve! is a puth created hy tile radius r with parameter interval [pjY"J. I'hi, 

interval was ,ubdivided inlO five part~ or shapes and each interval vuri~d and provides a paln "'hien 

is a continuous function al the subinterval. Every single location in the suhdivision of a radius for a 

free-disk cr~ ates its own palh, see fig. 4.9 

SKE v.s. Speed Graph 

'"1""""---------..... 

• • c .-

. 

/' 

• 

, 
SPEED: .'2 

F'JGu,," 4, 10: SKE ,'.'. SPU"LI 

From Figure 4.9. il can be o!>served that tne optimal profile i> a continuous mathematical function 

for which the SKE conv~rg~ s to the upper bound Iimil value of 2. i.e.: 

e (k, w)--tupper bound, 2 (4.33) 

The SKE. from low speed to high speed converges 10 the higher val",,"" called lhe upper bourxf, bUI 

remains ~lrictly Ie,s than two. The graph in figure 4.9 shows the specific energy of the three speed 

illlervals as a function of spe~d. 

The algorithm for obtaining the oplimai >hal'" in the Hign-~petil require~ setting tile ,imulation 

variabl~ s and then find the final ,hape w(r) composed of a constant stress profile and the minimum 

thicknes~. The SKE e(k) is calculated with a giv~n final simp", Finally the SKE eel) is plotted for 

e=o .. 6.720,6.71iO,7.710 and shown in fig\IT~ 4.10. This prove, !hat 100 ultimale ,peed is 

6.710 and cannot he exceeded. 

2('/111i17 
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Shown in figA.ll. [he doned line depict, the maximum po"ible SKB limit. 111~ graph show, an 

improvement beyond the possible maximum SKE of two. It is physically impos.iblc. however. 

becau-;e the flywheel material would have exceeded it', maximum ten,He strcnglh and fractured. 

This may be achieved in an application wh~re a cornpre,sive force is applied at the edge of the disk. 

e.g. hy shrink fitting a rim. which will mise the maJ<imum possible SKE above two. 

This possihility. tmwever. is considered too complicated for a low cost <ksign and was not pursued 

funhcr at this point of the design. 

" 
" 

" 
" 

:" 
~ " 

" ., 

, 

,., ",.c, .• ' , .. ~,' ," , .... ,", .... _,.,,, 

The Maple 5 worksheet~ used lO determinc the Ilywhccl parameters are in App"ndix II. A ,afety 

facwr of 2 was used in tile iterative !,,"ocess to determine fu<, place where P.=P,"'P" 

coinciding with t1J., high speed profile of k 2'" 5.2 The following results were obwi[l<:ti: 

26111/07 
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k = 2.2S0350~50 

PL = 0 

p, '" 0.00491352 

p, '" 0.9410683561-

p_ = 1.()()fi()t,S0h4 

p, = I,05I'iOhS0h4 

For a 300W -h flywh""l, lhe:;e value. translates to the following dimensions: 

P,=0.03m 

P,,, O.08t\<! m 

Tre volume and maSS of a tlywhcd of these dimensions is calculated using a Maple 5 spreadsreel. 

The volume of the expooential profile is given by: 

(4.34) 

, where: 

rJ = thicknc% of the minimum lhiclmess profile, and the volume of the millimum thickness profile 

i, given by: 

(4.35) 

The values of the parameters used in equations 4.34 and 4.35 arc as follows: 

p, = 0.03 m 

p, =0,0884 m 

p.=O.112m 

26111/1)7 



Univ
ers

ity
 of

  C
ap

e T
ow

n

djohn'on 

o ",O.02m 

p '" 1960 kg/m' 

k '" 2.429 

The calculated volume" and rna'" of the profil"" comes to: 

V. = 0.00043869642 m' 

Y, = 0.000297008832 m' 

V,,,,, = 0.001174395672 m"' 

rrta.,,=2.3018kg 

The energy density of this flywheel j, therefore E = 300 /2.3 '" 130 W-hlkg. The energy Jel1sit~, 

obtained for flywheels of various flywheel 'torage projects are listlXl in table 4.3. 

Matenm E [W-h/kg] SQurer 

Carbon fibre 80~ ____ i'G".,R';"'C""Cd,"HC·"'c·"N","",",",',II,"'-________ __ 

Carbon T I 000 Multi rim 350 B. Bolund. H. Bernhoff and. M. Leijon 

Carbon ____ ~-'M""CIC<lC"CmCC__' ___ 168 R.F. Post. S. F. POq 

J.H. Faupel and FE Fjsher describe, a discrete analytical method for tlywheel calculations and was 

used to verify the strength of the dcterminlXl flywheel profile. The method ,hoWll in Figure 4.11 

was implemented. u.,ing a ,pread.,ru,et. where the flywheel strength js evaluated using 

interconnected uniform thickness concentric ring'. with free boundarie, defi""d at the central hole 

and at the rim. 

Th~ m~thod can ~ vin\'eJ No a cruJe approximation of til e rril1cipie, u_,eJ in finilc d~menl 

26/11/()7 71J/ iS3 
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J.H. Faupel and EE. Fisher de.,criooo tOO methodology of stre~s change from one section to the next 

as: 

--"""c-c J.r.r =-~y~ 
, (y+J.y) 

.where: 

.1 a,. = Change in radial stre" 

(4.36) 

.ily = Change to thickness of adjacent 8ection 

y = thickne8' of section. and: 

(4.37) 

. where: 

.1u, = Chaog:~ in hoop strcII 

y = poioon8 ratio for the m1erial 

Applying theoe lx1ocipleo to the rc~u1t for the pmtotype obtainoo with tOO analytical method. the 

strcose~ are calcul1ed with an OpenOffice ,prea<!>.oo.,t and are shown in Table 4.4. The maximum 

qre&; occur, in {he h()()p direction, on the outer boundary of the flywheel, atju,\ over 9OMpa.. well 

26111107 71/153 
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within a factor of ,afel), of 2 [or thc fibn.' glass - cpo.,), ~OIllp'-"'IC, -, ,.,. 
• ~-, 

" • .' ~1" .. : -~ .~ 

These results were used 10 construct the iollowing flywheel shape by means of a CAD package. 'The 

,hapc and the main dimensions shown in Figure 4.12. 

4.5 Material Strength 

n 
\ 

I \., 

The materials un<k r consirn.ration for flywheel manufacture arc either in the mewl or fibre 

composite ~ategory, 

26111107 721153 



Univ
ers

ity
 of

  C
ap

e T
ow

n

to use mass 

mass tnereclt, lJiecause 

are 

are 

structure. n"'J~"""> are 

on 

are, hn,wP'vpr 

or 

to 

are 

pn)perti~~s are not hmnole;en.eOlls 

laIlI1lD:anoD . ....",-.~UUJ'u .. uvu is ........ , .. , ... l-~.rI 

an elalSr('mt~r H;;i:lILULJ'U~ structure is cmnb,ersomle 

as: 

·(1-

a c::: stress 

a f::: stress 

::: 

are, 

cost 



Univ
ers

ity
 of

  C
ap

e T
ow

n

a conlmlllous 

I. 

a is aeltenmrlea 

stress is not 

starts zero, ... "'."''''''''''' to a ....... 'u; ... .., .... , 

u ........... ,,'" on a 

on 

T m , area it acts 

d x 

d ::: dianleter 

on ........... A 

VUJ"""':I-'''' stresses. 

none pelrpe:nO.lCUllar thelreto u,," .... '4A stresses act at 

) 

are 

can 

rotati1on, .... 1'1"'11"."''' to 

to 

stress 

to zero at 

o In. is "V.;1·";'''' 

to 

LAVA" ....... to 

on 

stress is 

to 

is 

are eXlllresse:o 



Univ
ers

ity
 of

  C
ap

e T
ow

n

djohnson 

as: 

u , (4.40l 

FiGIliI. 4.13, SHF,\k 'TRffi' EI"'-\fF.VI' 

From Equatio", 4.:lQ and 4.40 In., lotal lor~" ""ling- upou a fibre is given by: 

(4.41) 

The equation for the stres< at any point along the fibre, measured fmm either of the free ends, by 

di viiling the force by the cross-sectional area of the fibre become.: 

J
I rrt/(r 

J ~O:::22~,:,th' 
IT( x)=-

rr·d' 
2 ' " -' d , 

,'------" 

I 
(4.42) 

'P 

\ 
\ 
"\ 

'P 

Thi, relationship is illustrated in Figure 4,14, 1bc :;tress rises linearly from zero at the end to a 

conSla!lt maximum at the centre of the fibre and drop, b""k to zero III the other end. 

P J.E. rorsyth and L. Holloway defines the critical length 1. as: 

26/11/07 7'illYl 
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Tensile v.s. Orientation factor 

350 

330 

310 

290 

~ 270 

I 250 

230 

I 210 

190 

170 

150 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

FIGURE 4.15: YIELD STRENGTII VERSUS. Fmu OIUENTA1l0N. FARA AND A. 
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TABLE 4.8: CALCULATED PROPERTIES OF ...,-" ... "-"""'" FIBRE AND l·maI.MIOSEITI1'~G PLASTIC COMPOSITES 
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3 parts VGCF, 4 parts Epoxy 14()U 

4 parts VGCF, 3 partsc ilpo=C'y'----t---- 1379.0 

4 parts VGCF, 3 parts Epoxy 934.1 

I parts VGCF. 1 pan.,' Oilpo"'::' ,y __ --' ___ --"2135.2 

~ VGCF, 1 parts Epoxy Clamping broke sample 

14 .012 

13.79 

9.34 

21.35 __ 

Closer inspection, see Figure 4.18. reveales that the cured 'l"'cimens were very porous as gas 

bubbles were trapped inside the cured composite mixture. This was despite vacuum bagging the 

curing specimen" a process which is generally used in industry to remove air indusiom from 

curing composite materiak 

A means of eliminating the hubbies [rom the VGCF composite material has to ~ developed to be 

usable as a ~tructural material. Such a malerial will be promising in terms of strength and cost, as 

th~ graphitized fonn of VGCP !la, a claimed tensile strength of 9GPa and the projected rna" 

produced price is in the order ofRl2! kg. 

26/11107 85fl5J 
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4,8 Flywheel Manufacture 

The manufacture of the flywheel in one piece was cumbersome. especially with the heat generated 

dwiog curing of the thick celllre ,;ection. The problem was solved partially by splitting the flywheel 

in two halves. The crdCking reducetl significantly, but use of aluminium moulds or adding 

aluminium powder 10 u.., resin to remme the heat, will be e,,;emial for proouction. The addition of 

aluminium powder to the resin will affect the material properties. which should be taken into 

consideration in the tle,ign. 

Once the epoxy has curetl, the two hahes are surfacetl and glued together with a milled fibre-epoxy 

composite, This dres not affect the strength of the structure. becau>e all the stresse> are limited to 

the plane of rotation i.e. perpendicular 10 the axis of rotation. Using this method. flywheels can be 

nWlUr'KIU,.~d j,,,,xpon,;vcly. given the basic 1001, and skins. 

For a mass produced flywheel of ultimate shape. the moulds can be relatively inexpensively 

manufactured with aluminiwn. The mould surface has 10 be coated with a release agent. typically 

wax. To create the central hole and reduce tile curing rna" and material wastage. a core of either 

wood Of a reusable aluminium one. is waxed anti insertetl imo the mould. The cpoxy and short 

fibres are now mea,ured. mixed and poured into the moulds. 

M.D. Afendi. W.M. Banks. D. Kirkwood showed that adding a bubble nudeation agent such '" 

Scotch-Brite and vacuum bagging retluces bubbles in the infusion process, Vacuum bagging 

consists of a simple pump and a plastic bag to draw a slight ,'acuum on the work piece, Once the 

work piece j> >ufficiemly cured. it is forcetl out of the moultl with pressurised air and the next ca-r 

can be matle. It is possible 10 make about two ca>ts per mould per day. 

26/11/07 
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Shown in Figure 4_19 are two disposable moulds made from thennoplastic, which cau.oo !rn.rmal 

cracking in the work piea.. The two halves have to be ,urfaced and bonded. ming a mixru,"", of 

milled fibre and ,"",sin, of the same material as tlr fly."=' 

The benefits of this method of manufacturing 

tlywheel are that tlr special shape yields a higher' 

reduced material cost and lower overall cost 

production. 

4.9 Ajr Frictional Losses 

F .. ;uu; 4.19 : OIS1Ol~"LE PtA'TIC >IO{;L,", 

The air friction losse, becomes significant at higher speeds. than that of the preliminary t~,t,. True 

analytical ,olutions do nut "xi,t for compres,ible fluids. Conventional engineering practice i, to 

a"ume either i) adiabatic or ii) isothennal tlow.[16, 36]. To simplify the problem. con,ider a 

rotating cylinder as an infinite nat plate and the fluid as incompressible for an approximation of the 

magn.itudes. 

The drag force arises from two sources. The pressure drag F. and skin friction drag F, arise due to a 

shear stress To_ According to R. L. Oaugteny, J. 11. Fmnzini, the drag coefficient over an infinite flat 

plate. as depicted in Figure 4.20, is made up of two parts namely: 

C '{l- A -V' C '{l-A V' 
I' ==1' +1'" =" . +} , " , , , , (4_52) 

, where: 

26/11107 
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Thi, in tum enable, the pull-up re,i,ton;, Rl and R3 to ontput a gate drive voltage to the Mosfe( 

though a 10 Ohm resistor. The :;upply vo ltage to the gates are ,upplied from an ex(ernal 

tnUts[ormer, as the OC-link voltage can be below (he minimum drive voltage for the Mosfet:;. The 

ground of (he upper Mos[et is referellCed to the mid point oflhe inverter leg, in order 10 alway:; have 

(he gate ,upply 12 Volts above the Moofet source, 

11Ie hall prol'" and (emperature sensors were ooth ,upplied from the same 5V as the 

micruproceswr, so their output:; were fed directly (0 the microprocessor via OIle of the ri:;er 

connect<>r> 

5.3.21 brush less machine operation 

Three phase topologie, 

Severnl commercial controllers exist to control three pba<;e brush le" machine" "The following were 

con;;id"n:d and evaluated. 

• r.1SK4471l1l 

• SAS28 

16111107 %/153 
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• MC:lf'hac 

5.3.2.1.1 MSK447011 

The MSK447x series wnlrollers are full featured single or three phm;e wnrrollen. It feature., an 

irnpre"ive perfonnance with low inductance machines, but nul sufficient for this application 

without the mldition of a small inductance. The integmted cin:uit wntains the ~ontrol. drive and 

8wilChes internally and requires minimal external components. 

These controllers we", developecl recently and were intended for military use. reasons 'looted for 

the high C08t thereof. Dq>i"ted in Figure 5.3 is the schematic of the MSK4470. ,howing the 

>OphisticatioD of the drive. 

I , 

"" 
~ , - " 

'"""'"" r '- """'.J 
" 

, ~, 

/ """'" ,.'"'~ rc-

FIGl'R" ~.3: MSK4470 S<H"',"'Ttc 

These drive, will J:,., a gOO<.! turnkey solution for this tlywhed application. however the high cost 

thereof di""lulliifie., it rOl" low cost app~cation' 8uch as thi., 0"". 

26/11/07 971J53 
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5.3.2.1.2SA828 

The SA~n is The r~placelTlent integr:lted circuit for the ohsolete MAR2R ~ontroller. It is a 

sophisLicated single or three phase PWM drive which is controlled from any microprocessor or 

discrete logic input. An existing 8051 based board was used \0 controllhe MA82~. however. the 

drive current had to be controlled externally to prevent over currents in Ihe machine. The hklCk 

di:lgram for the SA828 it shown in Figure 5.4. 

An availahle laboratory implementation of Ihe MA~l~ ~lld ~ K1Il54 printed cirCllil lx)ards are 

sbown in Figure 5.4 . 

26111107 nil 53 
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Th~ drawback. of this device is that it is at the end of it's manuf~nllrin& Itf" 'lild more reccm 

inu.grated ci ceuit, will be better ,uited for new de,igm. 

5.3.2.1.3 MC3PHAC 

The MC3PHAC is a DSP ba>ed siugJe or three phase PWM contmiler that can be opemted in either 

'tand alone or PC control mode. 

As a iiingle pha.,e machine. the ,tator windings ooly con>ists of two coils in'lead of th=, which are 

alternately switched in 'ynchroni,m with the position of the rotor fjeld. Shown in Figu", 5.6 is a 

1JC3PHAC board. <k.,igned to fil the AVIU.kgaj2~ bad:planc board 

FICI"RE 5.6: \IC31'[)M , .. ". 

The advantage of thi, configlITation is lhat it is simpler to control and easier to manufacture around 

the confined space around the heat pipe in thi' application. Fewer ,witching device, are required lO 

drive the winding., i.~. either two or four. depending on the configuration chosen by the de'igner. 

Some disadvantages are that lhe reclified DC >ide has a much higher ripple when g""erating, which 

in tum "'quires larger Hllers and produces higher torqlll' pul>ation.<. Th~ latter will contribute to 

higher vibration of the radial magnetic bearing.,. 

2611l107 99/153 
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5.3.3 Hall-effect sensors bipolar integrated circuits 

T"" UGN3235 Hall eff..::t sensor lends itself favourably for simplicity. eHSe of use Hnd low cost. 

The hall probe is mounted inside the mHgnetic Ildd of the Halbach array and connected to e"temHI 

power tmnsistors to drive the brush less m(}!or. TIley are often f(}lmd Hs direct drive devices in >illUIli 

brush less dc funs. The manufacturer', suggested circuit is shown ill figure 5.7, 

Shortcomings of the manufacturer's :;uggested circuit is that it is unidirecti,mal and the high on stale 

losses Hssociated with the Bipolar Junction Transistor. Also. the hall device is limited to opercllion 

between 4 and 24 volts. These limitations can be overcome by replacing the 8J1's with Mosfets and 

adding a separate supply to the Hall switch. 

A m']Je pmctical drive circuit is shown in Figure 5.8. with the Mosfet protection components not 

,h",Yn. The hall device requires a separate supply. higher than the guting voltuge of the Mo,fet 

used. Two totem pole gate drives are used to switch the FETs. freewheeling diodes. zener clamps 

and snubber circuitry is required to protect the FETs from spikes gencrmed by the stray inductance 

Oll switch off. 

, 
,,,'" 

r , 

• 

F[G~1E5.7: UGN3235 "n," , .• '" DR''', 

Power Mosfefs generally have built in body diode'. which will uliow f']J this circuit I<l work in 

bidi rectional mode. i.e. an uncollirolled rectifier in generation mode. 

26/\ 1107 1001t53 
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5.3.4 Discrete Logic Control 

The discrete logic controller j, ba.",d on the use of elementary logic device:; to :;ynchroni:;e the 

switclLing devices to that of the orientation of the magnetic field in the machine. 

The discrete logic control switches the OC current between the motor pha:;e:; in the sequence shown 

in Figure 6.3 and Table 6.1. The voltage wave shape is stipulated by the motor huck emf, which i, 

approximately 8in1l8oidal for the approximated- and exact for a pure Halbach array. 

The discrete logic control syslem consists of the following 811h component>: 

• Optical Encoder 

• Conlrollogic 

• Tran:;istor dri,ws 

Due to the movement of the magnetic bearing: a non-conlact ref1ecthe type optical switch ;.ensor 

was u8ed. A relkctive encoder layer is bonded or paimed onlo Ihe flywheel and the >;llm;.or, 

mouDled in clo:;e pro~imjty. 

For a given direction. Ihe firing sequence remUln' utlChanged [Fig 5.3 Table 5. IJ. To determine the 

26/1 1/07 1011153 
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logic circuitry for the encoder. Table 6.1 hal lO Ix, trar"ja~d inlClthc trulh labk shown in Tabk 6.2 . 
---. - . - -_. 

Angle T.. T. T~ r ._ '1'(+ T,_ -
0 . I 0 .0 I 0 " 
60 I 0 0 0 0 I 

-

120 0 .0 I 0 0 I 

180 0 I I 0 0 0 

1240 0 I 0 0 

I : 
0 

--
300 0 0 0 I 0 --_. 

T AKI.r. 5.1, Tla.--m TilL[ rot. A-8-C I'IIASE S£Ql'ENC' 

Thi< 'ieQn~nce is generated by connecting .ix optical swilches directly lO the Semikron MOSFET 

tlriwr inputs through an inverting Schmitt-trigger. using two [racks with a 120 degree on and 240 

d~gr"" off sequcnce as shown in Fignre 5.9. 

The optical sensor.; are placo:! 60 degrees apart, alterrJaling between 

the inner and onter track. A Schmitt-trigger is used lCl sharpen the 

pulse to the clock the AND gdles. 

From insp"clion of Table 5.1 it becomes apparent that there i, a 120 

degree repetitive ""queuce. Thi< allows [he circuit to be reduced into 

a <.ingl~ track. 3 sensor configuration, alternating bctween the 

positive and negative leg< of a bridge ree-tifier. 

FiGL'JtE S.lD: SISCU; nACK L'OCOOER 

Detecting thc direction ot rotation i, done by comparing the slatns of m., 04.rn,r two inverter legs. 

This Can be achieved by combining J-K Flip-flops, (Table 5.2) AND gatcs (Table 5.3) and NOT 

into u logic circuit thut C(}nforms to this requircmcnt and uses a single track encoder, ,hoWTl in 

1(,/IIN7 1021153 
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Figu,"" 5.10, and three optical sensors. 

Clock J K S" Cl~ar Q Q Q 

t 1 X 0 0 0 1 0 

t X 0 0 0 1 1 0 
~. -

t 0 X 0 0 0 0 1 

t X 1 0 0 1 0 1 
~ 

! t X X 0 0 X No change 

X X X 1 0 X 1 0 , 
X X X 0 1 X 0 1 

X X X I 1 1 X 1 1 
---

TAO',>' 5.2: J-K F..,l' 'f.()~ ThllTfl T,\I\I..E 

Al anyone time only two input signals can 00 low. The eireuil uses 15V logie devices, conforming 

to !he 15V requirement of the Semikron drivers used. as well as giving the system higher ooi'e 

immunity_ For too flywh""llo Slarl up ,uccessfully, the state of the different flip-flop, have to be 

relayed to each OIher. 

H-
~'" 
~.1 

FK.ug. 5,11: D'''''''-'1£ LOGIc Clll.ClTI FOIl IRCSil lIXS DC O ..... TlO~ 

26111107 103/153 
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Furthermore !her.. is no indication of the orientation of the magnetic field. Firing the gat~s in an 

a%umed din.crion of rotation will cause tM motDC ro ,tart rotating in the rev~r,e dir..ction when the 

magnetic field ~ 180 deglees out of phase to tfle assum~d position 

To ensure successful start up, the firing sequence ha, to be auto-correcting. Figure 5. II .,il<lWS the 

logical circuit and links between Q to K:md Q' to J 

flop prior to it in the sequence. 

Shown in Figure 5.12 is the top vi ew of the optical ,"",rl. 
as,embly. mounted on a transparent Acrylic (Perspex) cover. 

Shown ln Figure 5.13 is a protoboard prototype that was built and rested on the motm. The light 

emining diodes (LED's), on the lower right, were added for debugging and ",tup purpo"'s. 

This circuit started the flywheel up reliably on a single reset. 

Tfle availability and low cost of 8-bit I 

controllers makes them very "'tracriv~ for 

application. Micro controllers require 

feedback from the motor. Some alternatives 

zero crm,ing, optical switcltes or hall 

8eUSors. 

The device has to be started up from zero volt back emf. rero crossing detecrion will not give any 

2MIII07 1(l41l51 



Univ
ers

ity
 of

  C
ap

e T
ow

n

teeGDliCK at It over a 

use. is to rotor at 

sensor teeClbllck was 

accurate vv,,, ....... vu te€XltlaCK. 

to 

II 

II 

is 

converter 

II cost 

II 

II 

",,'''t-...... I were 

a 

motor winw,ngs, a 

to 

or .................. as 

on 

'\I""""',,,,. is too 

can 

to start 

are ..... AU"" ...... , if not ImlPOSiSlb 

It 

can uu.u.",,... to one 

current out 

to 

to 



Univ
ers

ity
 of

  C
ap

e T
ow

n

• 
• 

...., .... '-... ...., converters can 

concern apIJll(;atllon is 

converter 

is det1ernllm::d 

a .... "'n.,.r"'rt to DfC)CeISS 

It is VV;)~lI.Jl!;J to 

converter. 

tn(lUCtaIlCe a is to 

ouestlon A"'AAA","UA'" WllleUler it is VV'''''lll.1'''' to 

cornpCmel!lts, to 

at is WlilCUlcr it is eX):lem;e to a more 

cost enectlve means not 

means over 

""""£U""" to Lnill: .... u 

to 

case 

more 



Univ
ers

ity
 of

  C
ap

e T
ow

n

to 

to 

5. 

,",UJLL .... 'UU''-'A can 

can 

are con verter "'VI..,U''''''''Ln".", 

adOling ,,"' ........ "'1 poltenltlOInet:ers to 

come at a are 

instantan.e01JS nature 

to to 

can set 

can 

is 

current UUJLI .... 6 can 

cm~oll~isinex~~nsive ext,ern:al CtDmpOIlents to J.UlJ''''''YUl1. 

an extern:al 

on state to to a 



Univ
ers

ity
 of

  C
ap

e T
ow

n
FIGURE 5.14: NATIONAL 

use to as a ""' .. ",,., .... "' .. modificatIons are reaum::d 

as an converter 

can ... 'U' ...... .l."'u ..... J ... '" U a 

cODlIlec:tea to converter. 

In ut 

lOke 

FIGURE 5.15: 555-BASED BoosT CONVRRTRR. 

is an a converter a 



Univ
ers

ity
 of

  C
ap

e T
ow

n

a Iml~m··DOle ruTarlgelrnelnt is rI .. 1' .............. rI 

2. .."', ...... "''' arl "YI~"rln",1 Carl 

.:J.:J.:J-I:lml::r or mearlS 

converter apl,roclcnmg pel'Celnta,ges 

at 

FIGURE 5.16: LTC3780 BIDIRECTIONAL SYNCHRONOUS CONVERTER 

is essentiall two 

it is (ODIOlC)2:V is 

it is DOSSll[}le to 

nature 

to 

to cOlme:cte:a DUCJC-Doo:sr converters. 

is 

to 

asa 

is 

notes 

it is 



Univ
ers

ity
 of

  C
ap

e T
ow

n

a a UlliUU.lALlUU or 

case a 

It is th~'r",1tnr imDOlrtrutlt to converters as as tincling most 

converter 

a converter. 

converters are 

cases 

converters are not 

motor geIler:aLtor are " ....... ,"' .. "'t .. IIlacllim~s serves as a .lUI.lUI..IAU.uU 

oD~~ratlOn is to 

3Jtl .... <'1" .rotn .. a car;,acitor. 

In ut lOOmH 
~~ ________ ~ ~ ______ ~ __ -J 

GND 
[;~~----------------~~----------------~~ 

GND 
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FIGURE S.20 : F.A. HlMMELSTOSS & P.A. WURM BOOST CONVERTER 
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F",,-"RF. 5.21, A) Bux BOOST CO""'ElTEII 

Shown in Figure 5.21a is the actual converter. not 'hmving the inuuctor. Figure 5.21h ,hem', the 

converter connected to a 100 kW re.i,tive load. 

5.5 Feedback 

5.5.1 Signal Conditioning 

Feedback signals are mostly quite diffNent to that which is required 10 drive lhe power .ide of the 

drive. Often the .ignals contain tKlise. are distorted. ha, the wrong voltage level. and lack the 

power capahility to uri"" the power ,ide and combination, of these. 

As an example. reflecti\'e type optical sem>or u>ed in an infra red light emitling diode. (LED) which 

,wilehe, the photo-lIan~i,tor on when a reflective object is hrought into close pro:<irnity. 

Shown in Figure 5.22 i, the circuit representation of an oplical swilCh. Th~ phol0 lraJl,j,tor i> 

triggered hy the reflection of lhe infra-red LED. 

26111101 1141153 
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Thi, circuit on it's OWIl was unreliable as the photo-transistors would not always switch between 15 

amI 0 Volt" but tilt. high 311l110w states was as low as 13- and 9 Volts respectively. 

Cooditioning of the 'ignal is required for the sigoallO switch the Schmitt-trigger. 

The requirement, for the circuit are: 

• Widen the output vobage 

• Convert the output voltag~ to the logic <ievices' range 

This can he achi~v~d by u,ing a simple inverting oJlt'rational amplifier. as clescribed by P. Horowitz 

and W. Hill, giving il a ,ufficiently large gain and driving it into ,aturation. (It resembles a Schmitt-

trigger. except that it is tunable). The configuration in Figure 5.23 will ,witch between an output 

voltag~ of 2 ancl 13 volts for any input signal switching b<;tw~~n an "plX'r limit of II 10 15 Volts 

and a lower limit of Zero to 8 Volts. 

1be oulPUI of this conditionecl signal is already inv~rted, thu, it i, p"s>ed through t"o inverting 

Schmitt-triggers in'tead of one. Stringing of the Schmitt-triggers in lhi . way makes the rising edge 

of the pulse even sharper. a desirable attribute in digital logic circuits. 
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FIGURE 5.2~; fulL OF".Gr 

Shown in Figure 5.24 is (he heat pipe. with copper winding, and the hall d[~Ll probe [or magnetic 

[idd >t:ming. 

5.6 Conclusion 

• Drjy~ IOpulogicl for driving 'ingle and three pnaw winding ammg~m~nts has bcrn 

in.cs(igalCd and -;elected configumrion, wen: le,(ed, 

• The ad,'anl~ges o[ an~log and digilOl cu""nt control was discussed 

• Th~ gcncmlll\C!hoo~ for DC-DC com'er,ion available 11:t> been im'es(iga(ed. 

• The senes connected bllcl-boos!lOpology was huilt and tested. 

• Th~ CUnyCrlcr cho&en should he hoth nidirec(iunal and clIrremlimiling, thus (hc commcrcial 

off the shelf LTC3780. shuwn in Figurc 5.19. will he the 1T1o,t vianle solution, The 

Ll'C3780. huwc.cr, canoo! operate right down to zero volt" lhus a clIslum controlling 

clrellil c,g. A micro controller, should n., used in'lead. 
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6 Chapter 6 - Implementation and Experimental results 

6.1 Introduction 

A prOl(){ype fiywt>ed wa, ~onstructed along the prim:ipl~, olLlli""d abov~. Several pitfalls w~re 

eocountered und adjustm~nts to the de,ign were made in order to obtain a working prototype. The 

hlock diagram in Figur~ Ii. I outline, the workings of the de~lrumechani"al batterv 'y'tem. 
~ 

SOlar 

Array 
Dc line "-, 

DC -DC 

Ccn~rter 

• OcbIJ~ 
Flywheel I 

PM M~I~r 

Micro 
--> ~ 

, .• , 
Controller 

Driver .. ~ .-, ~ 

i InWlrle< I 

Figu,", 6. 1, IlIock Diagram of {he f1yw~1 system 

6.2 Objectives 

The objeeti ves of thi s &Cetion are: 

• To addres' the issue" not yet covered. in de,igning a ",orking 'y'iem 

• To phy,i~all}· vcrify the principles ofthc de,ign variables outhned in the preceding chapters. 

• Identify the ,hcncoming, and pitfull, in the design 

• I{ectify the .JJ.orlcomings and {llrlie rCCo!llmcnd~tioIlS for future work. 

• Determine the rnacnine cnur.lJ;o!eri,ti", 

6.3 Housing 

The housing. shown in Figure 6.2, was manufactured from a section ,olid 'lee] pipe and the ""Ilom 

permanently capped hy un uir tigMt weld. 
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The following criteria wa.' u""c! to dclermin~ the huu,ing: 

• The ilOlIsing had to be strong enougil to contain the moving pam in case of catastrophic 

failure 

• The housing has [0 be massive enough to absoro all the ileal generated in a fmcllu"e without 

weakening the structure. 

• The ,truclUre should havc enough abrasion resistance to withstand the abmsion of a fibre 

composite, whether fractured or nOL 

• 4.A ,tamlarc! pipe 8BCtion will be used [or the cylindrical parI. 

To calculate the expected maxImum temperature of the hou,ing and c!isintegr:dec! flywheel the 

following ,,"sumptions are made, with the error on the safe side: 

• The flywheel <lebri, and the enclosure will assume the ,~~ fi"!!C!:~::::::~ 

• The heat transfer is adiabatic. i.e. no heal is given 

• way to the environment. 

• Both the flywheel and \he enclosure are at ambient '''"P'"''"'' 

before fracture. 

• No additional energy ~nte", the system once the 

fradures. 

Th~ ~nergy balance for the system before and after fracture is: 

Total Energyb40re fmc/llre=Tolai Energyafter fmrlUre 

Because both the tlywhce l and enclosure are at the same temperature before f=tUI~, the only heat 

lI1lnsfer is the conversion of all the kinetic energy of the flywhed to heal and given in cquation 6.1: 

.1Q=(m·(" +m·c )·.1T 
!! " 

26111107 
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. where: 

.:l Q = Change in!hennal energy in flywheel debris and enclosure 

"'f= mass offlywheei debris 

m, = enclosull' mass 

CJ = Specific heat flywheel debris 

c. = Specific heat enclosure 

The stored kinetic energy of flywheel before fracture can have a maximum of 300Wh = 10000kJ. All 

of this energy gets converted to heal when the systeJllll'ache_ equilihrium after fracture. Solve for 

LlT in equation 6.1: 

oT oQ 
6.2 

(m, 'c +m· c) , .. 
The JIll\." of the mild steel enclosure is: 

(0:-0'1 (.24 ' -.23') 
IJI ~rr' ' H p=rr ·0,23' 7S00=6(,2kg 6,3 

. 1 4 

The ''Csulting ri se in tem~rature of tlle ~nclo'l!fe Ih~n b~com,,\: 

1080 
225 K 

(2.3 ·O.R+ n.n2· 0.45) 

In other words, the rise in temperature for the fractured fiywheel and enclosure will he 225 K above 

ambient, which is well witbin the working tempemture of mild sleei. 

6.4 Flywheel 

n... prototype flywheel was manufactured from glass reinforced epoxy. The original intention was 

to have the flywheel manufactUll'd in one piece. bul several aneJllpts by diffell'nt locul 

2ti111i07 119/153 



Univ
ers

ity
 of

  C
ap

e T
ow

n

djoimson 

manufacturer§ proved this to be very difficult to achieve. The main problem was !henna.! cracking 

due lu lhe thickness of lhe work piece. 

II was lhen opkd W rnanufaclun, lik fl}"wh~d lIltwo halves and bonding !hem together with milled 

fibre-epoxy composile. This however slill proved 10 be difficult. because of the size of the curing 

~poxy struclure. The proces§ being eXOlhermic still resulled in cracking of lhe modek It was then 

hand layered. in slage,. to minimise the healing problem. The layering and bonding ar~ ju,tiftable 

,ince the ,tres'ie< are all P<'IP"ndicuiar tu the axis of rotation and in lik plane of the gla« layer>, 

which i< in line with the design parameters <ktermined by M. Berger ant! L Pomt. 

FlGl.~ 6.3, FLY"""",. rl!O"l()wrt: 

foe mas< production. th~ moulds need to be made of aluminium for heal removal and a core used to 

prefo)m the hol e. The ian"" al<o serve< ro minimize loo bulk at the cenlre of the flywheel. in order 

to minimize ooat g~neration during curing a<; well as reducing the total material cost. 

This phorogmph shows the prototype fl)Wheei in Figure 6.3. It was manufactured trom E-glass and 

EIX1XY for a lOlal"apacity of 300Wh al 90 OOOrpm. 

6.5 Hybrid magnetic bearings 

Because uf lhe layoul. coo'!en according to the combined geometrie< of the motor generator, the 
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magnetic beanug and the thermo:;yphon. many problems were encuunlered. 

• The ,[my magnetic nux frum the Halbach array interacted with tm, lid, usulting in large 

eddy current losses 

• The bottom magnetic hearing was [o(;aled too cio.,., to tm. steel struclUU. re,uitiug in poor 

o~tion 

• The top magnetic bearing interacted with the magnetic field of the Halhach array. re<ulting 

in eccentricity of the top magnetic beariug and phy,icai interference with the :;tator. 

• Furthermore. with the Ix>ttom magnetic bearing in 8uch dose proximity to the bottom cover. 

being magnetic, aggravated the problem. as the magnetic bearings need reasonable good 

alignment w work p['Operly. 

As a r~~,~.,","~ " , '"''' :~ provid~~g alternative paths lor the stray fields was implemented. 

,- - -

\ 
_____ J __ \, 

.. ~ 

.~ finite element results for this particular configuration showed that an increase in "'pelling lorce 

in the magnetic beuring Wa.'l obtained with a little trial illltl errOl. The Finite dement resull in Figure 

6.4 shows the decreasing tlux in the magnetic plate below the bearing and 1m. increase in flux in the 

air space between the inner and ooter magnet. This improves 1m, effect of the radial magnetic 

bearing_ 
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With this principle applied. a smalk'f magnet 

th~ radial magn"tic bearing can be u,ed. 

the cost of production. 

F'w:;L .... 6.5 :J\.L'GN!.TIC SIIIELJ) FOIl lOTtO" BE,,"""G 

The sam~ Finite model was nsed for both cases and the prof"lties of the cup was interchanged 

between air and soft steeL The shield is shown in Figure 6.5. 

It W;IS investigated whether the skewing etkct would disappear at higher speeds. J.D. Sti~'1lJl1.eycr, 

S.c. Thielman and B.C. Fabien sbowed that. at higher speeds, magnetic bearings automatically find 

an equilibrinm between th" magnetic centre, the geometric centre and the centre of mass. An 850W 

external drive was connected thongh the ,ide of the flywheel honsing, but all attempts were 

unSllCcessfuL 

Roller bearings were intwdnc~d to ~nforc~ partial alignment of the upper bearing until ,ati'factory 

spced§ could be reached. It was observed on the filament wound prototype, that the amplitude of 

flywheel vibration reduces as the ,peed increased pa't th" ,,,,,ond natnml freqnency_ Thi' point 

could not be reached on the new shape tlywheel. dne to excessive losses in the conventional 

bearings. as compared to that of the hybrid magnetic bearing and the pow"," of the elocrric machine. 

During th~ physical alignment the upper magnetic bearing, it waS obs~rv~d that the 'y'tem was 

,ratically stabl~. while the bonom magnetic bearing was not in place. The possibility whctk'f 

dynamic stability was JXlSsible. nsing the existing journal bearing in combination with the top radial 

magnetic bearing. The ~xpect~d stability shoold be achieved by the gyw<;copic effect of the rotating 
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tlywheel on the joornal t>earing and the preces~iun limited hy the urrer radial magnetic bearing. 

During low speed operation the bottom beming wandered, especially when the skewing of the upper 

bearing in this confignration was pre&cnt. Con&Cquently, it bc\;ame apparent that a profile is needed 

on the journal bearing to gui<ic the flywheclto the centre at low speeds. It should still be flat enough 

fur minimising friction at higher specds and be within the tolerance of the dynamically stable puint 

of rotatiun. 

The profil e can be deteTmined from elementary physic,. Consider Figure 6.6 where it is given that a 

maS, M with a curved :;urface of radius R is resting on a small sphere of radin' r. Fnrthermure that 

th e degrees of freedom [D(W] are unly radiaJ <md axiaJ, and kept in the rutatiunaJ plane of the 

tlywheel by it's gyruscopic effect and tilting sufficiently limited by the upper magnetic bearing. F i~ 

the vertical furce ex~rted by tbe mass of tbe flywheel on tbe juurnal beHring. 

,~\ I, 
\.~ " J 

/----1' -'. "~." Ol i \.~ 
/ I ' " / (~X: 

,\ 
\. 

\ 

For a smaJl movement from the centre. <5 L, tbe resultant force normal onto the plane of cunHlct is 

given by Fn at an angle of 8, 8 is a function of R. rand 6 L: 

e= /(K,r,OL) 65 

. ~nd can t-", defined f()r any twu curved sur[ac~, in couta,·!. 
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For a spherical curvature re>ling on a small sphere and a ,mall movement 6 L off the centre. the 

point o[ l'Ontad will lx at 6 L + 6 I from the c~ntre and normal to the arc H' 

6.6 

The normal force perpendicular to the surface bocomes: 

, 
F;-­
• w,o 6' 

Thc correcting force. F" oct, towards Ihe ,enTrc. i,c, Thc sirw u[F,. SlIl"litllw in 6.6 to get 

F =!- ',ine 
, < 

F·sino 

co:;o 
6.S 

For small angles sine ... o ~nd c050 .. 1 . thus equation 6.8 becomes; 

F<=F. ·8=f·{} 6,9 

• where: 

Fc = correcting force 

[-' = [-'OlCe exerted by flywheel 

e = displacement angle in radians 

For til e J.D. Stienrneyer, SC. Thielman and B C. Fabien hybrid magnetic bearing, the centre of 

rotation is an equilibrium between the geometric-. magnetic centres and the centre of mas:;, With the 

addition of a profiled joomal I:>earing and omi"ion of the lower radial magnetic bearing. the 

flywheel is free to spin like a top. The bottom profiled journal bearing centres around the profile 

centre, geometric and the centre of mass and the mdial magnetic bearing limit, the precession and 

act in the same way as the Slienmeyer model. Using equations 6.6 \0 6,9 allows roc lhe design of an 

arbitrarily stiff. self centring journal bearing. 

Tbe improvement wa, significant, though at the first order resonance, the added slewing, caused hy 
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the interaction of the Halbach array and the upper magnetic bearing. resulted in permanent contact 

with the limiting mechanical bearing~. Again. the self centring effect was not observed as adequate 

spe~ds coultl HOI be re<'l<'hcd. 

6.6 Thermosyphon 

The thermosyphon wa~ constructed of a combination of non magnetic stainle>s steeJ and pyrex gJa<s 

turn,. The gla,s was mechanically inadequate during a"embly of the magnetic bearing. The Pyrex '" 

turn, was reploced by a fibre gla~~-epoxy tube. shown in Figure 6.7. resulting in higher <trength and 

toughness. however also much higher thermal resistance between the windings and the cooling 

medium inside the turn,. 

The thermmyphon wa, fiJjed to about one third with Acetone, having a boiling point of 56.3 ue, 

The kmpt'rature on the windings wa:; measured using a LM35Z prob". n.., contmller monitored the 

winding temperature and a thermal mt-uut tempt'rature of 85°C \Va, sdoctoo. 

FtcLIE 6.7: TlII1w"syPlION WIl1' 3 ~~p S'~G'.K ",,""; W'W'W 

Whilc the LM35Z tempera/ure protJ" i< capable of handling tempt'rature< of well over 100 Dc. the 
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The torque ancl pmonnance was >a.ti>J'octory as with a 

prototype, but problems with tm, alignment of the passive =., .. rli. 
hearings was encolUllerecl. With the Halbach array in 

proximity to the upper magnetic bearing, the nett effect 

skewing orthe bearing and the flywheel. 

It proved to be ditficult to fit three phase winuings onto 

thennosyphon, due to the thickening where the wires cross, thus 

single phase winding was used. 

The torque and pcrfortnance was satisfactory as with a previous prototype, but problems with the 

alignment of the passive magnetic bearings was encountered. With the Halbach amlY in close 

proIDnity to the upper magnetic bearing, the nett effect wa~ skewing of the bearing and the 

tlywhoel. Furthermore, with the bottom magnetic bearing in such dose proximity to the bottom 

cover, being magnetic, aggravateu the problem, as the magnetie bearing. need realonable good 

alignment to work properly. 

6.2 Axial Flux machine 

The alternative "as to design an axial nux machine, having the upper magnetic bearing in the same 

plane:)l; the Halbach array, while still using comrnercial-off-the-,helf [COTS] rectangular magnets. 

It is desirable to maintain the high efficiencies of an Halbach array machine. 

Starting fiun a linear array, where the magnclll are roIatcd >equentially at 90 degree" i.e. an atTay 

with an infinite radius, a sinusoidal distribution of Hux is created above the array, similar to the 
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multi f"Jle arrays pre~n[ed in Chapter 2. 

To f!ITII au a.\ial flux machine. the segments are arranged in a coucentric manner. The field strength 

can ea,ily be de[ennincd by FEA, For the ,arne diameter :may. usiug the same size rectangular 

magnets. the field diminishes as the maguet:; separate funlter away from the ceutre. The IWO 

dimen,ional fe<ult, for two sections through the array is shown in h~ure 6.9. 

The avemge. however. proved to be of similar magnitude at the sarne dislauce from the surface as 

compared 10 the radial Halbach array. The advantage of this couflguration is that fOf the sarru: 

current, the same force is applied at a much larger radius. equalling a much larger torque. 

cars rectangular magnet' were used aud ww; embedded imo a non magnetic holder, with [he 

magnets touching 011 the inner rddiu" parting as the radius increases. The net effect on the Halbach 

array by parting the maguets is clear iu Figure 6.9. 

This approach applies the Halbach array principle, a, an axial flux machine. willL tIL" ocnefils of 

high efficiency. Also. for [he same t1ux demity at the winding'. the geometry require:; fewer 

magnet, thau for the radial Halbach array, In essence, lhis is a ,uperior cOIlfigurIDon for thi< 

applicatiou, re,ulting in a less expeu:;ive PM pan of the machine. whiclt is easier to manufacture 

and ,impler to assemble than the radial type. 
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C,ing a hall prubG. It", measured nux values at a varying distances of 3-, ti- and 9mm from the 

Halbach array ,urface. was consistent with that of the finite element analysis results shown m 

Figure 6.9, and are tabulated in Table 6.1. Figure 6.10 shows the the axialllux prototype. 

FlGl'>." 6..10, AXIAL FLIlX H'UACH AllAy 

The lob sided effect of the magnetic bearing can be seen in tile magnitude< of the measured fluxes. 

Inner Midwa}' Out~r 

Position \ Distance 3~ - 9,= 3mm 6mm 9mm 3mm 6mm ,~ 

N Pole face "0 52 " 177 99 56 "6 " 20 

In betweffi 8.2 -7.2 -7.9 9.4 14.5 -1.2 22 -~.7 -~.4 

S Pole faee -124 -82 -33 ·214 -122 -60 -[07 -70 -32 

In OOtween -34 -22 -19 -57 -43 -13.2 -28 -27 -20.9 

'1" .. "" fi. 1: .\\IL.I.[1'£","" !>II!\SURED OVER THE AXC'L FLUX lIAI .• ,," A.uSG.""~T 

The windings are wound OIl a non magnetic. non conductive toroid illI.d plac~d directly above the 

axial flux Halbach array. Thi, c:m he either single phase, wound in alternating dire<:tions, or poly 

phase in order t(} create a rotating .M .. \1F. The returning wire on the OIlier side of the toroid ha'i illI. 

!IjJJJl'Sin)'; effoct on the array and the magnitude depending (}n the distance from the arra)·. The effoct 

can be minimized hy thickening the t(}l"oid. as seen from Figure 6.9. the field lines quickly 

diminishes with distance from the mmy. 
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As expected, the magn..tic f,.,ari ng aligned pmperly with this configuration as there were no radial 

effect intclicring with the radial magnetic bearing. The construction of a thermosyphon becomes 

>.impler and can be kept to the upper si<ie of the toroidal windings. 

6.8 Machine drive 

6.8.1 Introduction 

The IT\llchine drive is the intetfuce between the supply from th~ DC·\lus to the machine. The in thi! 

permanent magnet mochiue. the windings experiences an AC waveform, thus the drive has 10 invert 

the DC to an appropriate AC waveform. 

Furthermore. the machine i> of the ,ynchwIlous lype and the conv~rt~r has lfle ml<kd funclion ol 

keeping synchronism with the position of the magIltetic field. 

6.8.2 Two phase drive 

As a first anempt. a two phase arrangement was :lpplied. The peliormancc was not sati'factory, 

because of dead zone, encountered. 11Ic,e dcad wnes were located where the the magnets of the 

mtor wa., halfway betw~en the two phases. ""Illting in a too low torque to ",If""tatl. The pulsating 

torquc from two phase operation also induced additional vibration, resulting in the mechanical pam 

of th~ machine touching and r~sultecl in low speecl ~ration only. 

With th~ hall effect sensors, the relative movement between the magnet' and the "ensors often gave 

spurious triggers and the system was convetlecl to an IR [infra r001 optical arrangement to impmv~ 

the triggering reliability, as shown inFigure 6.11 a) and b). 
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6.8.3 Three phase drive 

In order to drive the machine with three phase. a ilI'W drive was constmcted us shown in Figu..., 

6.12. Three IR2113 bridge driver was used to drive the MOSFETs from the original base board. 

taking a 12V supply from the base board for the drive side of the MOSFET bridge and responding 

to lh~ 5V wntrol signal from the micro processor. 

The oplical position feedback was muted to the micro via a pull up resistQC. Some level shining was 

requi...,d to gel all three signals on the same level. This was relayed directly into the 

microprocessor's AOC and was used to do the switching of the three pha>e Ixidge. Shown in Figu,," 

6.13 is the microprocessor board with the ili:iVef board in the [oregrouncl and the level shift board in 

the hackground. providing acljusunem for the signals from the optical sensors. 

1321153 
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The firing >equence was determined by using an encoder track thai has a 50% dark and 50% 

reflective surface. Household Aluminium foil was found to be adequate ror the reflective surface. 

Shown in Figure 6.14 are typical sign~ls recorded with a digital o<;cilloscopc. The noisy shape on 

l~ lowu part of the graph is the signal from the low quality reflective surface of t~ aluminium. 

Fl<jl!ltk 6.13, D1c1VE AND LE'"EL ADJIm"ME.'<T BOA"" 

The sharp edge between the low and high sUItes of the pull up re,jstor wa., adequate to achieve a 

g!XId signal for swilChing the inverter and. once set up properly. no misfiring was recorded during 

expcrimentatiOil. A typical trace of the microprocessor output for two phases is shown in Figure 

6>5 T""-~----'" .... - , 

Th~ rlriH program is listed in Appendix IV. showing the thresholds for t~ optical sen,,>rS ant! the 
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firing (mkr ofth~ bridgc. 

The firing seqnence was calculated according to the foll(}wing t:IDle: 
-_ .. 

Opto 2 J Opto ' 3 Opto 1 Ph AIlS • Ph Au+ Ph Bus Ph Bu. + Ph Cm • Ph CU!+ I 
. . 

t- H H L H L L H L L , 

H L L L H L L H L 

H H L L L L , H H L 

L H L H L L H L L 

: L H H H L L L L H 

It L H L L H L L H 

~ : HS = High "ide 

+ : LS = Low Sid~ 

The machi!l<' perform....d as ~xpected. howe.er (he clo.~ mechanical tolerance, hetween the machine 

partS and Lhe a~litnde of the displacerr"'nt< eXJlI'rienced near the first resonant point did not allow 

tre model to be operated at high 'JlI'eds Multiple attt.lIlpts were made to pass the natural frequency, 

bnt thi< h(}wever was not attainable. In a tina! attempt to overcome this additi(}[]al frictional loss 

near the natural frequency, a 600Watt external driv~ was applied, a),u pruvcd ull'llK:cessful 

The resonant point is experienced wr..,re small imbalances in the rotating syst~m nears the natnral 

frequency of tf.., spring-mass behaviour of the flywheel-magnetic bearing syst~m. E~cept for small 

air- and axial journal bearing friction 10,.",s, th~ radial magnetic bearing acts like a perfect spring 

and the system heeo],"",s unstable ahruptly when the natural frequency is approached. 

'The machine performs well at Sp"ed< heluw this frequtmcy and enough datll was recorded to analyse 

the lnachin~ and prl'dict it's performance. shown in Appendix V, 
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The machine was analysed by flfst medlanica!ly spinning up the system and letting it run down 

unassisted. Tile windage I",,,,, we,.., <ktermined by logging the speed and time on an Agilent 

DS06012A mixed signal digital ",ci 1I0sc"pe, a, ,hown in figu,.., 6.16. 

6.9 Experimental setup 

6.9.1 Introduction 

The machine was unalyz.ed by fi",t mechanically spinning up !be system and letting it run down 

unassisted. The windage losses were determined by logging the speed and time "n <lll Agilent 

DS06012A (nixed 'ignal digital osci!loscope, as shown in Figure 6.16. 

The data waS recorded with the digital scope <lllU tmn,ferre<.! to paper afterwards. This process was 

cwnbersome, but the ,.."ult, ,..,asonable. 

In order to accelerate the data logging process, tre calibrate<.! LO bit ADC of an Atmel A VRMega8 

processor was used to l"g the data to a computer via !be serial communicatiollS pon of a .)'K500 
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uevetopment boonJ . The apniml'nlal setup with the micro contro!ier based uata logging board is 

shown in Figure 6.17. 

The ADC resolution was enhanced by oversampling !6 times_ adding t~ 100bit ADC results to a 

variable and then right-shifting the total by two bits in order to get a !2 bit result. The process of 

oversampling and decimation is ueocribed in grem lletni! in the AUDet Application notes and is 

included in Append;':. VI. 

FlGlIE 6.17: EXI'IlIIDlE'/T.'" ..-.n1' WTllI A TM.c.,S-BASID LOf.GEk 

The following tests were p!'rformed: 

• Rundown tests 

• Motoring tests. 

6,9.2 Rundown tests 

Til<: rundown test W:IS performed by spinning the flywheel and t~n logging (he speed v.s. time 

ClIrYe of the rundown. 

26111107 !361153 
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This gives a good fl'pfl' '''ntation of the frictional 100,es of the flywheel system. which Can later 00 

subtracted from ttw. motoring tem. in [)[der to determine the machine performance characteristics. 

Shown in Figure 6.18 is an example of a rundown curve obtained from the raw data of a rundown 

tesl. The curve was determilltld from capturing approximmly 5()()(XJ data points. The ""'liming 

points on the graph was caused by a register overt1ow in the logging microprocessor and can he 

ignored. as lhe lrend i~ dearly visiblc. 

'" 
> '.\ . 
. \ ," ... 
\ .. . , '. • 

'" • .,. . . 
.:--..,:-. 
~ ... . . ~ .. . 

. .""~.:.... 
'. -- . 

'" 

,. 

• 

• 
• • 

-
.. 1 

.1 

' ...... ; -..... . -
- • ",., 

rimc lm<l 

........ 
• ... .-

On the graph. the first sharp drop in speed, co"""poruis wilh the naluml frequency of !he magnetic 

bearing. At this point. phy<ical contact between the rotor and slalor occurs. which results in audible 

sound and larger deceleration. This is also responsible for tm, maximum <peer! obtainable by meanS 

of rnOloring. as the machine was not powerful en<Jugb to ride through this poiOl. 
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The tocre is also a Imall amount of air friction loss at this speed, whieh quickly disappears and the 

graph smoothen out to a linear dccdcralion. "This is the loss associated with the axial journal 

bearing. 

In order to make the readings more meaningful. 1"" o:'-Olution w~s increased to 13 bits, by addillg 

sixty [our lO-bil samples. and right shifting lhe result by 3. The resultillg data was much improved 

as can be ",en in in Figure 6.19. 

Rundown curve: 13 bit sampling 

120 " 
:aa - '.--- -----_.,,-. 
"" .......... , 
o i1e 

" 10000 '0000 

•••••• '. 

"'''00 

Time [msj 

40000 

' . . ~ 
• 

FtGUKE 6.19: Rl1"oo'",,- ern.: fROM WITIl 13_orr RR<OI."-"'",, 

The decelemting torque is giveu by: 

. where 

IN 

()SS-t" 

T, = decelerating torque 

I = mass momenl of iuertia 

6.10 

N = average rotational ,peed in RPM 

t., = lim.. 10 dccekmtc 

26/11107 lJ8/153 
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It il known thai a', 90 I)J) rpm the flywheel p<I"~,,e, it', full charge of 3OOW-b. This ~nergy i, 

repre,~med hy !he relationship, as given by P,P, Benh~m & F_V. Warnock: 

, , 
W=-/w 6.11 

2 

This give, u. an Ma" momen! of inertia, as dctcnnincd for the flywheel in chapter 4 : 

1=2W '" 
00' 

2·300·3600 = 2.432-1W'kgm' 

I' 'XHXlO 2Tr 1 

, W 

6.12 

Applying this \0 !he da!a ofFigurc 6. 19 yields the 100ai Windage loss versus Speed relationship, for 

u.., flywhcelly,!Cm. and illistcd in Table 6.3: 

Tw[Nml 
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Plotting the data from Table 6.3 yields Figure 6.20. 

" 
" 
" , " , 

0 
~ co , • ! 
" • 

• 

, 
0 

Power loss v.s. Speed curve 

.... 

.f.' ,.' . • 

._ ... ~:::...====-_., .......... .;;""~ 
40 "" "" con 1>" 

''" 
FJGL"ll6.20: FIJCno."ll POWEll Loss Y." SPOrn CnH 

By means of the open source cUfye fitting program, Fityk version 0.7.6, the power lo~' at any given 

speed [RPMI i, given by the polynomial curve 6.13 and ha~ an accuracy of 99.9337%. The 

regression curv~ is ~hoWTl ~uperimpo~ed in Figum 6.20. 

p ,,_ O,08646 ~, -O.0098312n+O.00033362n' - 4.69796e-06n' -1.806 e-08 n4 

6.13 . where: 

p .• = Frictional power loss 

n=S~inRPM 

Thi~ mlalionship can be used 10 calculate the friclionalloss aI any point and compared with the data. 

obtained in the ron tesv;, within th~ giv"" range and th~ machine efficiency calculat~d in ~octi[m 

6.93. In order to process the recorded data., the AOC calibration values has to be determined . 

The flywheel was locka! in place and a voltage applie d to lhe system. The current and voltage ad<: 

values were r«corded, togeth<l1' with the corresponding RMS readings from :;tandard laboratory 

meters. 1'hese result, were taken OV<l1' th~ entim mng~ of the different tappings of the m~ler~, 
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~pplic~bk to the valu~, u'\ed to rullthe ma<:hille. 

-, 
~ 

Current Sample 20A on 30A scale 

,00' ......................... "" ",' .. " ",' ',,,' 

,~ • , 
,~. 

,~ 

,~ 

, J , 

'00 

'" '00 

'" > = c' 
~ 

>0, 

>00 

,,' 
'00 

" , 

Ci • • '~' .'~' •• i~' . .r~(. ~( .i.i .• i.( ,~ ... i~" 

, 

,>00 "oo 
Ti"", Im<) 

Voltage Sample@3.63Von IOV Scale 

.. . . .. . . . . . . . . . . . . . . . . . . . . . . . , . . .,., .. , ............ .. 
4 ••••••• , ••••••••• , '. . . '. . . '. . . .. . . .. . . .. . . .. . . .. . . '. . . ~ . 

"" ""'" Time [ms] 
,."'" '.00<: ~ '''' .. u ..... __ ". 

-.' 

The r~sult, of one ,uch a leSt are shown fO{ curr~nr is shown in tigure 6.21 alld the corr~,])Onding 

I"olt~gc figure 6.22_ The thick line repre",nt, the RMS valu", on lhe individual graphs. 

The amplitude f1uclualion~ I"isibk on th~ ~bol"~ gmphs C01TC'])Ol1d, to the unregulated, full wav~ 

recti/icd, 50H~ :;upply usro to drive the current,_ 

Tahl~ 6.3 >fIUWS the (~sults and c~lculmcd s.calil1g factor, for the different range, of current, "IIlI 
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volwgcs. 
- ------

Ammeter I ADC Voltmeter V ADC 

Range value cnng~_ Value 
-

! 
, 0.2 46.1 2 0.0000 0.00 - -

I 0.39 102.4 2 0.0750 100 

! 
I 0.61 179.5 2 0.115~_ 3.95 • --

, I 0.8 243 2 0.\394 , 8.50 , 
I 

, 
I 301 2 0.1779 9.90 

I 
3 2 674 2 0.3780 

, 
32.00 

3 2 674 2 0.3780 32.00 ----
W 3 1155 2 0.6280 59.40 , 
W 4 1491 2 0.7840 78.50 

W 
i 

5 1835 2 t-?9680 99.00 
W 6 2W5 2 I 1.0970 113.00 

-

i W 7 2447 2 1.2730 133.40 -_. 

W 8 2780 2 1.4500 153.40 

30 IS 3625 

I 
2 1.9580 

, 
214.00 - - -

30 20 4970 W 3.6300 405.00 

Plotling the AOC values against the Ammeler aJld Yoltm"u,r reading. ",v~a" thaI 1m" Al1alo~ 

ammeter calibration diff~n; fOf th~ different range •. '" shown in figure 6.23. 

ADC valles v.s.Am m eterC\1~nt, Allrangcs 

F ..... l.~ 6.23: ADC VALl,.,' v.,. A~rurru CURll.'!T, ALL RA.'<GES 
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n-", graph< for the currents are linear for the individual Ammeter rangcs and the JOA range i, 

consistent to that <lfthe I Ampere nlIlg~. as shown in figure 6.24. 

ADC vail esV..8.Anffi etErCu=nt,lA & 30A ranges 

'''' 
" " .. 

• " " " , 
0 "" 0 
< 

" " 
'"' 

• "" • , .,.," , 

FIG""" 6.24, ADC V.ul'E' V."- A"'IETEJ. CnREI'-"T, IA A.'ffi 30A ltuiGE' 

Th~ Digilal Voltmdcr used is linear for all practical purpose. a< "oown in fi~ure 6.25, 

AOC valu~s v.s. Voltmete, Readf1g 

," 
~ 

~. 

-• , ". , -< ,. 
,", 

" '.-. ~ '.!C," 
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Atmel's daims a linearity of \I", on-chip ADC 1{l tJ" 0.', least significant bits (LSB) and the 

Ab,,>iule accuracy is 2 LSB over the IO-bit AOC range. By euhancing the ADC rangc to D-hit, by 

mean, of oversampling, averaging and decimation, the accuracy of the measurement is improved 

and aLt, as a white Mise filter. It is ~'Onduded that the accuracy of these readings are 

pre"nminantly limited to that of the instruments it is calibrated against. 

The calibration "alues shown in FiglLfC 3.24 will bG u'lCd for thG calculations of thc madunc 

char~deri'tic,. 

6,9.3 Run Tests and Processed results 

The machine was run at different con,talli ClLrren! inpnt. and the speed. Current and voltage ADC 

values loggcd again't time. Shown in figure 6.25 is a typical result. 

The PO\WT input measurement was takcn on the OC >upply to thc Brushless DC drive ami all 

dficiencies calculated reflcct, thc overall cffic~TICy of the 'y,tem. Inefficiencies from the lK:-[)C 

convertcr are e"duded for theoe te,t" an" will gcncrally vary with lb~ drive us.cd and lh~ conditio", 

under which it is operated. 

The a minor fe",nant frequency was ob>ervcd at around 70 RPM with an andible knocking ""und. 

'I1Ic cffcct thereof can be seen on figure 6.25, with a distinctive kooc, as the rate of accelcration is 

reduced due to the addition frictional component. 1.S. Lee,Y.H. Han, S. C.Han, S.K.Choi, S.J. Kim 

&T.H. Sung describes e~periCJlCing the "ITT'" phenomena with their flywheel, and is typically 

expected with all nndampcl spring-rna" oyslern. 
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m 

'00 

, 
, 
" ~ 

" 
" 
" 

0 

0 

Speed v.s. Time Curve 17.SA, 3.1V 

--......--
J"","O 

Tim~lm.'1 

400000 

The currenl and voltage recorded ADC values for the sample i~ averaged for the >ample. This i~ 

converted to current and voltage, u.o;ing the calibration value~ as determined in the previous section. 

The resulting average power >upplied to the machine is cakulated to be 53.98 W at an average DC 

supply current of 17.47A and 3.(1;) Volts. 

The accelerating torque is calculated by 1I.,ing equation 6. I 0 "!Lti IILlillipliGti \"iilll the average speed 

over that sample to determine the power gain of the flywheel. The power loss atlhat speed i:; added 

to determine the total power oolput of the machine. This ootput i, Ihen divided by the average 

power input which indicates the power conver:sion efficiency of the machine allha! ,peed, ,hown in 

flgure 6.26. 

From figure 6.26 it can be seen that the machine efficiency i~ ,til] increasing at lhe upper end. The 

maximum effiCiency i:; undetermined. because of the mechanical interference from the uncontrolled 

vibration of the magnetic bearing, and was not r~ached. 
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0.1 -

Speed v.s. Efficiency @53.98W input 

" 
Speed [RPM] 

R. no lund. H. Bemh"f[ ,md. ).oJ. Leijon ,lale, lhal lhe highesl cfficicncie~ for flywheel appliealion, 

ar~ achi~\'~d with permanent m<lgnel. m<lchin"". 

Fitting a curve 10 the dala. wi lh Fity\;:. results in equariclll 6. I 4 and follows th~ data with ~n accuracy 

,,['1'1.9419% 

1)=0.00119022 -O.000139659n+ 4.97281e-06n' + 1.03853e-07 nJ 6.14. where: 

fj = ).obchine etTiciency 

,,= Speed in RP).oI 

rhe eIIi~iency of ;hi:; machine canmll he predicted fmm thi' equation, however. it ,~rve.<, a, a 

COUfo.e ""timation that the machine will give ".an running wilh relatively good ctIiciencie~ at :;peed:, 

of 0\ er 200 RPI\1. 

Th~ en~gy stored in the flywheel i, ~alclll<1led from eqllalion 6.11 and is shown in Table 6.5: 
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Speed !RPM] Stored Eroergy !~ 
0 0 

~ 

ro O.~ 

• 0,21 

• 0.< 

• 0.B5 .. '.D 
.ro .." 

6.10 Assembly 

Originally the design consisted of an upper and lower shell. shown in figure 6.8. but sealing 

con,ideralions was a concern. A more practical so lution was 10 have a pcrma.nently capped bottom 

.hell with a close filling lid. Not only i. this .impler to manufacture. it also makes more SenSe in 

tel1m; of sealing and assembly. 

SOOV.1l in Figure 6.2H , j., a phmogrnph of the actual prototype. Visible are the bottrnn "hel!, the 

flywheel. the lid and the conden",;r side of the thermo>yphon. Assembly W.l' effortless, once the 

gl~ss p~rt of th. lhermo,yphon \Va, ,,'plae'cd by fibre compo>ite 

261II!o7 
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"~""""'_"""""~l""j < C :::: 
,,--,-_-' .... -l-J> C:::: 1; 

/I a once motor measurement 

} 

}; 

/I rotor .., .... "'.'"', .... , .. 
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Appendix V - Experimental data 

l. Hall sensor oscilloscope captures 
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Hall sense data with UGN3503 
Avg: 2.8V 
Max: 3.93 
Min: 1.46 
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i---- + 

_________ ::1._ L 

Invert 

print 01 

Hall probe moved slightly 
Avg : 2.84 
Max : 4.05 
Min : 1.36 
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prin t_02 

Hall + firing signal 
Levels on AOe 
Low level' 416 / 10 23 
High level. 512 1 1023 

New levels needed: 

• .;-

High level: 3.7S/5V*1023 = 767 
Low level :1.55/5V*1023 = 317 

l ow level not tr iggering every time: Try 
High level: 760 
Low level: 323 
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Vernier tlWtrl 
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Hall sense data with UGN3503 
Avg: 2.8V 
Max: 3.93 
Min. 1.46 
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print_O l 

Hall probe moved slightly 
Avg : 2 .84 
Max : 4.05 
Min : 1.36 
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BW LilTll! 

print 02 

Hall + firing signal 
Levels on ADC 
Low level: 416/1023 
High level: 512/1023 

New levels needed: 
High level: 3.75/5V*1023 == 767 
Low level :1.55/5V*1023 = 317 

Low level not triggering every time: Try 
High level: 760 
Low level: 323 
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Vernier Probe 



Univ
ers

ity
 of

  C
ap

e T
ow

n

2. Performance data acquisition with Oscilloscope captures 

Rundown Curves using Oscilloscope 

Rundown time 19,24 , , ", ReM 
-25,3 0 1.31580 78,95 

-26.04 0.75 1.25000 75 
-25.24 1.55 1.19050 71.43 
-23.96 2.84 1.13640 58,18 
-23,52 3.23 1.08700 65,22 
-23,03 3.72 1.04170 62.5 
-22,12 4.68 1.00000 co 
-21,64 5.16 0.96S14 57.91 

·20.6 02 0.92593 55.56 
-19.S2 7.28 0.86207 51.72 
-18.92 7.88 0.83333 50 
·17.72 9.03 0,73125 46.88 
-17.08 9,72 0.73529 44.12 
-16.44 10.36 0.67553 40.54 
-15.72 11.08 0.64103 38.46 
·14.96 11,34 059524 35.71 
·14.16 12,64 055556 33.33 
·13.28 13,S2 0,49020 29.41 
-12.36 14.44 0.42373 25.42 
-11.28 15.52 0,33734 20.27 

Correlation ((lee! 
0,99668 

lineM regre~~ion line 
-3.57 

Low Speed Rundown Curve 
80 

]; • 

" 
• 

• 
05 • 

• 
00 • • 
55 • 

" • 
~ 50 • 
or • 

" • 

" • • 

" • 
• 

00 • 
25 • 
20 • 

0 75 5 7.5 10 12.5 15 17.5 

Time 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Rundown time 19.74 
T , H, >eM 

-2.6.8 0 1.31580 78.95 
-2.6.04 0.76 1.25000 " -2.5.24 1.56 1.19050 71.4} 
-2.3.96 2..84 1.13640 68.18 
-2.3.52. 3.)8 1.08700 65.22 
-2.3.08 3.77 1.04170 62.5 
-22.D 4.68 1.00000 CO 
-21.64 5.16 0.96514 57,91 

-70.6 0.' 0,92593 55.56 
-19,5) 7.28 0,86207 51.72. 
-1S.9) 7,88 0.83333 50 
-17.72 9.08 0.1812.5 46,88 
-17.08 9,72 0.1352.9 44.17 
-16.44 10,36 0.67568 40.54 
-1.5.72 11.08 0.64103 38.46 
-14.96 11.84 0.59524 35.71 
-14.16 17.64 0.55556 33.33 
-13.28 1}.57 0.49020 29.41 
-12..36 14.44 0.42.373 2.5.47 
_11.78 15.52 0.33/84 )0.77 

Low Speed Rundown Curve 
eo • 

" • 

'" • 
" • 
00 • 

" • , • 
" " • 

" " '" • 

" • 

" :15 • 
;0 

0 :1.5 " " 1:1.5 " 11.5 

Time 
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Run Curve at constant Power of 33W 

Runup 0 

f , Time 
2.7 15 0 

3.23 15 32.75 
4.2 15.5 38.14 
4.7 14.5 54.74 
5.1 14 70.23 

Runup curve @ 33W 
7 

6.5 ' 
" 

• 
6 

5.5 .111:. 

5 _'t. -N 4.5
01 :I: - 4 ' 

-0 
ru 3.5 
ru 
Co 3 
Vl 2.5 

2 , 
1.5 -

1 . 

0.5 
0 
102 llO 154 173.5 3.26 237.81 264.65 

Time [5] 
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Rundown curves 

Time w'2 T ReM 
0 6 "0 >80 

4.6'1 5.7 m i71 
13.38 5. , 195 153 
24.41 4.5 no US 
35.45 '.6 '"' m 
48.75 3.13 '" 93.'1 
61.59 2.41 415 72.3 
74.21 1.69 590 50.7 

Rundown 0 
180 -
170 • 
'60 
150 - • 
140 - , 
130 

'" no • 
:>: 
~ wo 
'" 90 

, 

80 
70 

, 
60 
50 , 
40 
30 • 
20 

Q " 50 75 100 

Time (5) 
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Runoow 1 

Time Time(s) w'2 , "M 
-107.4 e 5.32 ICC 319.14 
-104.6 2.8 5.26 ",e 315.79 
-101.5 '.8 5.21 18> 312.5 
-9S.39 9.01 '.1 1% 306.12 
-93.95 13.45 , 2eO ,ee 
-91.44 15.96 4.S5 '06 291.24 
-8S./8 18.62 4.S1 '08 288.46 
-83.97 73.43 4.77 7]7 7S3.()7 
-SO.73 76.67 4.55 DC 777.73 
-77.82 29.58 4.39 m 763.16 
-75.37 37.03 4.17 2'" 250.07 
-71.77 35.63 3.88 m 232.56 
-69.76 38.14 3.73 26C 223.86 
-66.71 41.19 3.47 288 208.32 
-63.37 11.03 3.19 31' 191.1 
-59.96 17 .~~ 2.91 3"" 176.46 
-57.11 49.69 7.87 3'4 169.49 
-5~ .62 57.78 7.67 374 160.44 
-57.12 55.7R 2.51 398 150.76 
-48.41 58.99 2.29 no 137,62 
-45.95 61.45 2.16 "" 129.31 
-42.83 64.57 1.99 m 11952 
-38.62 68.78 l.ff '" 106.07 
-31.13 73.77 1 .54 6" 92,58 
-3()39 77.() I 1,36 734 81.71 
_7S.17 79.78 1,25 coe " -25.64 Sl.76 1,1~ 88e 68.18 
-21 ,89 85,51 (),95 63,36 56.87 
-14,38 93,02 0,59 W2 35.29 
-10,71 96,69 0.~2 1~2.8 25.21 
-, .44 99.96 ().I 8 333.6 10.79 

Rundown 1 
315 • . • • JOO , 

• 
275 • • 
;" • 
/75 

200 • , , 175 • • • 
"0 , 

" r- • 
DO • • 
w, • , 

" 
'" " , 

• 0 
0 " " "" "" wo 

Time (5) 
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t im£' SPeed ~2 .,. .. "" 10.85 IU 5.55 m 
20.84 83 'J> '" 29.53 '.9 3.45 '" 39.4~ 5.' '.8 '" 48.87 '.5 2>, US 

57.9 3.39 U 101.7 

" 2 .15 1.08 64.5 
78.5 0.52 0.25 15.45 

Rundown 1 - Speed v.s. Time 
350 
325 
300 
275 

~ 250 :;: • 
a. 225 co: 

200 • ~ 

'0 175 OJ • 
OJ 150 
Q. • Vl 125 -----

100 - --
75 • 50 
25 
0 
10.85 20.84 29. 53 39.45 48.87 57.9 67 78.5 

Time [5l 
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~ 

N 
I 
~ 

"0 
ClI 
ClI 
"-
U1 

time speed x2 ""ed eeM 
0 13 6.S m 

7.84 W 5 300 
15.53 9.5 4.75 m 

27.2 0.' 4.15 '" U n 3.85 m 
49.9 03 3.15 'dO 
58.3 53 2.65 159 

67.0B , .. 2.0 132 
7S.13 3.64 1.B2 109.2 

Rundown 2 - Speed v.s. Time 
400 r 
375 .. --
350 
325 
300 • 
275 
250 
225 
200 
175 
150 
125 
100 

75 
50 
25 

0 
0 

• 
• 

• 

• 
• 

• 
• 

• 

7.84 15.53 27.2 7.1 49.9 58.3 67.0875.13 81.74 88.94 

Time [5] 
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450 

400 

350 

300 

:;: 250 
C-
o: 200 

150 

100 

50 

0 
0 

time ""ed RPM T",,_. P_ ,-
0 7.5 "0 #DIV/O! 

6.01 5.55 333 5.R 37.86 
13.1 5 300 -3.61 -19.05 

23.73 4.55 273 -11.9 -56.8 
28.45 4.15 2" -22.81 -99.24 
34.64 3.85 231 -27.75 -111.01 
42.43 3.45 207 -34.13 -124.57 
47.11 3.35 201 -41.98 -142.74 
52.12 3.05 183 -46.74 -149.58 

56.6 OJ 162 -51.82 -148.98 
61.6 2.45 '" -56.35 -145.1 

66.52 2.15 '" -61.4 -141.21 
71.38 1.85 111 -66.36 -132.71 
76.54 1.5 89.7 -71.26 -119.18 
81.59 1.07 63.9 -76.46 -97.87 
86.75 0.64 38.1 -81.54 -69.31 

Rundown 3 - Spee v.s Time 

25 50 

time [sl 
75 100 

• RPM 

" Linear re­
gression, 
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powered rundown - constant current of lOA 

with lOA applied 
time speed x2 speed 

o 9.1 4.55 
6.01 8.3 4.15 

10.29 7.7 3.85 
15.07 6.9 3.45 
19.15 6.1 3.05 
23.29 5.3 2.65 
27.59 4.4 2.2 
31.67 3.7 1.85 
36.35 2.63 1.32 
41.17 1.69 0.85 
48.93 0.57 0.29 

Rundown Powered @ IDA 
5 

4.5 " 

4 

3.5 

"0 3 
W 
W 2.5 
Q. 
V1 2 

iO! speed 

1.5 

1 

0.5 • 
0 

0 

time 
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9 , 
8 ' 

7 

,,6 
I 
-5 
Ll 

~ 4 
Co 

'" 3 

2 

1 

0 

" 

Paw"red runoown SA - bearing lifted 
time sp!Oed x 2 sp!Oed 

o 17 8.5 
6.27 15 7.5 

15.68 13 6.5 
22.1 11.8 5.9 

27.37 11.1 5.55 
31.7 9.5 4.75 

37.33 8 4 
42.63 6.1 3.05 
47.48 4.3 2.15 
51.96 2.67 1.34 
57.08 1.04 0.52 

Powered rundown @ SA 

",'" :\. 

'" time [5] 
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-N 
I 

4.5 ). 

4 

3.5 

3 

'--' 2.5 
-0 
OJ 
OJ 
"­
Vl 

2 

1.5 .--------

1 

0.5 ' 

o 
6.4 

Powered@5A 

Time Speed x 2 Speed 
6.4 8.7 4.35 

10.5 6.5 3.25 
14.23 ,., 2.55 
18.15 U 2.05 
22.37 3.13 1.57 
27.04 2.15 1.08 
32.51 1.03 0.5 1 

Rundown Powered @ SA 

10.5 14.23 

, 
--- Q_---- ---

18.15 

Time [s] 
22.37 27.04 

• 

32.51 
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Rundown Powered@6A 

Ti ,.,e Speed~2 
S_ Re. 

0 " I "" 5.64 9.5 4.75 '85 
10.13 7.1 3.85 m 
14 .1, fd 3.15 '" H.9S , B >50 
11 .71 , , no 
25.Cl5 2.9 1.45 " 30 .1S 1.89 D.9S 56.7 
34.Cl9 0.81 0.' 24.24 

Rundown Powered @ 6A 
7 

6.5 
6 

5.5 
~ 5 
N • 
I 4.5 
~ 4 • "0 3.5 
" " 3 • 
"- 2.5 In • 

2 • 
1.5 . _.- • 

1 --_ ... 
0.5 • 0 

~ ~, ,,-" ,," ~" ~" ." ,," •• ". ~. ,. ~. v n' ~. ,. 
" " " '" " " '" Time [5] 
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Voltage generated v,s. speed relationship 
mV freQ 

8 11.1 
1.1 10 
6.8 8 .1 
6.1 1 .1 
5.2 6.3 
4 .2 5.1 
3 .5 3 .46 

2 2.5 
1.2 1.8 
0.3 0.55 

Generation 1 
12 

11 

10 , 
9 

~ 8 N 
I 7 ~ 

"0 6 • 
OJ 
OJ 5 "-
Vl 

4 
• 

3 
• 

2 , 
1 • 0 

8 7.7 6.8 6.1 5.2 4.2 3.5 2 1.2 0.3 

Generated Voltage [mV] 
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mV speed x 2 
9.2 13 
8.8 11.1 

7 8.9 
6.1 7.4 
4.2 5.1 
3.2 3.1 
1.5 1.3 

o 0.75 

Generation 2 
13 

12 

11 • 
10 

~ 9 
N 
:r: 8 
~ • 
l:J 7 
<J) 6 <J) 
a. 5 • 
'" 4 

3 • 
2 

1 

0 
9.2 8.8 7 6.1 4.2 3.2 1.5 

Generated Voltage [mVl 
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3. Per10rmance Data by acquisition from with AVR Microprocessor 
with llbit oversampling and decimation 

-, 
" " 
~ • • " , 

, 
" " -~ • • " , 

" 
'" 
" 
" 
" 
" 
" 
" 
" 

Run Curve 1 
62.5 
~ 

57.5 

" 52.5 
~ 

47.5 

" 

'*" /. . ..,..,,:-. .-
• ,. ~':'.,,>' •• 

42.5 . '. . ,..,... 
.. /' .. 

• 

'" 37.5 

" 32.5 

'" 17.5 

" " 

• 
• 

. ' ., .' . • 

• 
• 

• 

• 

• • . , . ~ .. . ., ,. • • 
• • 

- . •• • • 

,~" 

Time [m5] 

Run 4@ 14A 

----~'-.:;: ._-• .4'"~... .~ . ...... -.. -- . -- . 

• • 

• • • 
' . ••• • • 

" '.c.c-___________ ___ 

" 100000 150000 200()()(] 

Ti me [msJ 

• 
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4. Performance Data by acquisition from with AVR Microprocessor with 
12bit oversampling and decimation 

4.1 Run results 

, 
, 
> 
.~ 

" w 

1"',00 

HOM 

100,00 

" .00 
w.oo 
'0,00 
&1).00 ,.--

10,00 

~o,oo 

JO,OI) 

Speed v.s. Time Curve 16A, 3.1V 

'0,00 ." _ 

10.00 ~-

0.00 

Speed v.s. Efficiency curve 
2l.~ . ,.-

00.= 
"_Yl'I 

" .00% • 
12 ,~ 

moo,," . 
7.\",," 

,= 
',I"'" 
o.~ -

. .,... 

10.00 20_00 :\0,00 40.00 Yl.OO W_OO '0_00 " 0.00 1lO.00 100.00 nO,OO 

speed [RPM] 
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I 
4.Rundown Results 

• --, , 
" r 

, 
" " 

, 
" " 

Rundown 1 
0" • • 

" • 

" • 

" • 

" " • • 

'" • 

" 
'" 
" 
'" e 

0 ~V00 15 GGG lOOOG 

Time lmsl 

Rundown 2 Raw data: Serial communication crash 

><0 
no 
H" 

'" 8G· 

'" 
"' 
" 
'" ," 
'" '" 

><" 
n o 
'00 

'" " 
" co 

'" 
"" w 

'" '" 

'-........ 

lGGOO 

........ 
•• ........ . . ...... ~. --. -.. 

3GGGG 

Time [ms] 

Rundown 3 

'" ...... 
'. .... ", 

'" . '" •• • • . . 
• 

• • .L...-__________ . 

" l OOGG lV000 JOGGG ~GGGn 

Time rmsl 
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-"" • --- '" , - • 
" • - • -" "" • 
~ -
~ --

" 
" 

no 

:~ "" ''" H" 
n" - n" • " n" • '0" -

" '" • • 00 
n '" ~ ., 

'" " 

00 

'" '" 
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• 

• ... 

-

Rundown 4 

- - -
Time 

Rundown 5 
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v. ," 

30000 35000 40000 45000 50000 55000 6()()oo 6500Q ]()()OO ] ~ OOO S()()OO 8 50 00 90000 
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Analog to Digital converter calibration 

~meter Ran! ADC I ,ltmeter rani V ADC V , 0.' 46.1 2 0.0000 0 , 0.39 102.4 2 0.0750 , , 0.61 179.5 , 0.1154 3.95 , 0.8 m , 0.1394 6.5 , , 3" , 0.1779 9.9 
3 , 

'" 
, 0.3780 " 3 , 

'" 
, 0.3780 " 10 3 1155 , 0.6~80 59.4 

10 , 1491 , 0.7840 78.5 
10 5 1835 , 0.9680 99 
10 6 ~105 , 1.0970 m 
10 7 ~447 , 1.2730 133.4 
10 8 ~780 , 1.4500 153.4 
30 " 3625 , 1.9580 no 
30 " 4970 10 3.6300 405 

ADC values v.s. Ammeter over all ranges 
,~ 

"'00 

,~ 

• "'00 • 
0 

• l<m '~ 

> = -u 
0 = < 

,~ 

,~ - -' , -, 

4, 0 · I~ __ .n 
'00 • 

, . 
'.0000 

,., 

• 
• 

• 
• 

, 
" 12.' 1/., 

ADC value v.s.Voltmeter Reading 

1.D<HlO 3.0000 
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ADC values V.5. Ammeter Reading, lA scale 
m 

'" m 

'" m ,. 
m 
,~ 

m 

'" " 
'" " ,., 0.] " " " " • _ _ 0,," ••• ~ __ ' 

,= 
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1400 

,me 
0000 

,~ 

,~ 
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,= 
,~ 

,M 
.00 • 
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"" ,~ 

4500 
.. 00 

"" 0>00 
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ADC values v.s. Ammeter Current, lA & 30A ranges 
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Appendi)( VI- ATMEl application note AVR121 Enhancing ADC resolution bV 
oversampling 

AVR121; Enhancint) ADC reoluticn by 
~slllrPlill9 

llntr...a..:tion 
,." .. 1" A .. ",.~,1o, ,!,<" .. ,,,,,I., ~ a,..1 co .. " .. ,.".. 11,,-, ",_ .. ~ 
.. ",.r. < .... IJ·" .... "., ""~"" ..... , .. '''''''' "M' "~,, .« .. "" ~ 
I ....... ",", ",." '"'''''''' ><<10,.." 0>0 h ..... to ~,,, .... ~, " .. _ ............. ,",'"' ~ " ..... ........ "It, ..,.""",..." ~ 
~. __ I .. , ,.","_ "''''''' ~, ' '''''' ' ~ R ..... ' ''''1 " ,.,. ', .. ~~<: n .. ' __ ~..,. "' ....... , "', .... , ~ .. . -,<10 < .. ~ .. . .... j " •• 

....... ..t ........ ........ , .. ... 

AVR 

,- ,~ .. . ", .", 
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AVR121: Enhancing ADC resolution by 
ov~ampling 

b.,~.".I."'''''''-A>n I''f~r>J 

""""""'J .... I _ b .. .;.t\on 
N __ b)o_-Jrv ........... 

1.IntrocU::Uon 

_'i.6V!>. ,~: ... o/fur.; .. ' "":M:>g 1:J n1tti Ccn..!''''' -..I!h l()'u[ '''''':ltl:o" 
... rrv:Q::.-s lo.bt """*,,,,,, I~ ,,_.Ik'Jt.:"(~' "''''' , . .....,., h.j,., "'-n.Hl)': 

",", ... 1, Sf"" .... ~II" ~(-C~sln:J ~dYi~ c:<7> QOi ..sed to ~ t'. , ... Jut"'" r:I !he m.~ru-",,", ,"t. ~ ClIl"l:ol ~ ,'T'Ietf'IOO =-eIltd '~~r>:J ",-", 
C.dmxIcrl !'I(t.ar r.S<lUloo ~ bo '>&law". v.!O;l>:U ''''''\} ~r, ~>t_ ALl( 
Th • .l.ppor:l~"" 1\* ~>+I'-"'" tel!! ",--11>:0. .. "J "' ; :.h CO"aCCf1$ "".d to t.o 
tj&ilotd ~o rT\1II;. 10.0 ,,..,lIm 1''<:<1'_ pn:~""1~, 
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I lou l , 
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AVR121 

3Themy 

3.1 OV""""n .. ,lIng and decimation 

3.2 NDlse 

Tr.. &1e,';y bet"'I0d 'Qvs~rplr"ll>l'<:l ",,,,,..ern' " ~r '.«Ttl." 1Jc( l£l .. ;; ~ 
mo1t=l", '''My ..,.y. Tho t>C~ I-.q...n>< ~ "To, ..,-.c, .... -, 01 "",,~. -he"" 
.Xir~ ""<:'0< 0'"', 00 ~m._ ~ =~~ tho <'7 -<>1. ,or ,,<>IT. ,cI:I'im.! htnf 
IQocLoicn, n, tt" .. ",,",»I ""ot "" "'~r=rPod fu<r Iirr .... \Vtic~, 'toq.Jotxy 'n """1'1" 
tt" icVi '' \In.1 \~~, j, ~""" by ~~cn ".~. To "'" U.., I",,, PI',,,,t;< o 'iV"<""-AjJ\ 
of d """'09 ~.-.v "''T''iI, ~:. r;,o.""", lC """'SO"'-" tho A'lOl 11-;, "",n. o.c.>~.,e 
• i;<.'1)fl< ~=rt 01 s~, wv. (Jve 6 ootte" r'IY~~"::cn c~ the I"I'U ,,~. -"t"", 
'''''''''l''d The is '" ho G~~.< "'" m>i<1 rq~ _cf ",./'< Apcfc""",, Not .. , 
.,.-,j v<ll bo r"tr,e,- . ~:".,.,o ">' ~.~ rd:~t"'''r"l'''',j ~,.,..-pc~ 

E<jUObon 3-L C ....... """l'I". ~,'+.,,~ 

To rno:;:o ttl. «..,'t'<:lcl '.;ak lY<T>'rt" 1h> <;[T!<!I-,~ rf :"",,!f.<\ <f>;)o.'j ,n wor; 
dJ'rq. m"",.jefl. ""'<I,~.'r ' rctr>:~ "itt'fid _c< a =c<oo'-' o,(W-'::~'rrr< of:rc 
",,,,,t.t;..: .. I, l''''' a.., 'VI. ,; . .,. .. . "'5 t;) _y...n.r s...-r.,.,a HlS n",y 1_ I.k~ , 
ocrtr.:Jr.t«\ W:'~ otis ("'" ·,i'JI1,~c~ ""..,. j,g. few LS[J. The ~r"1im '-""J,d 00 
,...,.., .. ~ "'i .. -<~ofto< s;(;rl'll. """'€I'\cver-~'lQ ''''~' ih&fe srru1 
he r['t~ 1"'""""" to sOlic./y Ih" <loc"nr>J o! =~ I "',,000= I~ :no "':pool Tr.. 
cp.iOrtllM'" e<TQr ct he A~C '< at I •• ", u_5LSB_ TN<oIcA, tho 00"' ~lrudo hoy. 

"' .,=d D.5 c58 to b;)Q~!Ie< LSB, Na"" ...,--pitillc 01 1-2 LSI! i, <"'" ~c 
"""~'''"' tti, ,"''' """'" tt1<>l ,"",,,,Ill ~"' m ret ..-.:i I,.\) 'l'tir1J th< "'''''' """"'. 

U<1lOr"' for """", ' ....... " "",.". , .... dOO= ",,_:t-n<l"'; 

• Tho ~-crn-p:or",~ ct::r-t.,_ ~d rrt "yo! ~'liir:",;J,. OJir.., d """"""" '" 

• Th" ", ~ .... "Uc t.. <om< 00"'" D4 '~"ctin""" ~'Tdl_ 

• Tho """~tlxJo or,,," "",.0 ~"<-,-":j "" at ~~"" 1 _SEt 

1,00000iy' tt--o.-. ",I 00 <moo 00"'" ..,..-..ert <Ui."\l. o==;,n T:lC ""« con t:.o 
.r..--rTM! ""'00, """" t-ar trc epe! ccr., ~"':ffi rq ~ ""J->"X',. "><iador-" " 1:l-!o 
PO''''"''' ., ,,,;<y ,,"<I Clh"" ~H. "is> ", I '" rr."" c.""" bo "~"'V> t.o n""". 1t1i.; 

~ '~, '" ~i~ C~«>~, t ;:j,.H "'" ""'''''''''Y '" ',:l.j """",,, ",-!jlc '" 
r)J',~ '" ao. ""-' ~\lI""I, m~ rro;;r,;xl IS rtf~[e.o to., PI<_Ic<j, fl~< 3-1 (oj 
~ tho pvt:~m ~ "".>e;,.,. • >1<;1"1'" "it- " v-.:it1I..,. ',01'"" !rill: i, 100"",,,,", "'" 

~lzoda1 stops, Av«-"" r-q fox """"""" v,<JUd m- r..fp, "ir'"~::-,, ..,.-,-" law • ..,..,. 
"""kj ho "'" ' Q«II:, ~ ccmt orj" ho>lp tr: OIJJ>nlOm <i~0I ~_,:tu,ocn fi~,n '; l. IbJ 
y~ ~..t loy (d1r(/ <;or .. , tlIWK,," "<i" to tho :-W SIg);I, ns LS8 0/ 1t' .. 
""" ... F""" ,""cUt ,'A I (<me, Artir,," b,,- o! ,..,.,"" """l'Io~ ho;'..,~!r--o ",,,,,"zo<,",,,' 
'"-""', r:rod;.dc" ,.,U\; :h.~ ~, l",cr .. '''p'''s..-tat= (litho i,opJ ¥tOIl-", ~s ~ 
~ ,- I"u, 1-1 (c) Tr.> ~D~< WtuoI "' ..... 'or,' "'" i<>:'~,,,.d ~C'" lQ "0 llM ~rli< 

,Te!hoc1 " " • .",..,a to a, Deci1rto-l."d '.-.!II t", "~,,""d flJ'tt'>Ol 1'1 ,'OC'JCn 2-3, 

, 
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fnc""'~I." ,n" E ~ec;;..., N,Il_ CI 31"'. ~N<Jtl, WJI s",.-,,<l<I me ,,"'l'se ",""" :re"" 
t:i<<l<Y "-,,..,..-, Tho rri.;"" ~1 .,...-"", 00 0,,0, t>""Y dQt ",1 d<cre.oo. DocO/h;j n, 
""'p ro. ~oCJJO,ocy "" """'" U", ' KNr>J CO"" ~ :,dl,""" iroMse "'" ,.<,~:JI"·1 
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3A VI/hen will 'Ov...-sa"'plill9 ~nd Decirnation' W<lIx? 

AVR121 

~bTn>ly" "\7'''; c"",","" <""" 00'"", ''''' cds. wry c.Iton ' .. " "'" CNr.'!rtI><i..,;c ct 
(;",-~,;;"" 00'", rr= cC<'TIYTly Kn7M" os '"he. mt5< IT , 1'«rrJOj eGis •. ~c~zo~ 
0/ tho ",de fno'V-"'OY _ct-un .rd t"ot ~ tcU """W io cq .. &,. d'';md ","or~..., 
ort", .~ ""''J''. _, ~.,~ ':i"~' 'i", ,,~h',)d o! ';~"""""'1:"" =t ~c;"","",,' 
", I ,,0'1<, 'f tnI' MTd""lf or ~ rOse is ",11:<:1ert t:J """»" t('" LSEl 01 ~'" ACe 
c"...".."...,...i(r. 

" c<hor c""", t rr .. "tt be rnc=><'} to .<XJ . ,tirlci , 1 -a ", """" ill 'he <'Vi ,j~, 
lh':; """"ill " «1"'<0 In .., Di~'·Q. n", y..-"",r'Jrln 01 n;, 00"'" ~d be 
G"",~ ,'''''"', W. ~ P""O<"''' ",;",,·c'm~.u ""'" ".<.ft. "',~"'- <~''-Y tt;s ,'lUi"" 
",., 101 .r<:Ud r,,,,,, ""p"rffi '" :toe ",,,,l)IIr .. ~'''-''''''Y, 4 rlje 0( lh.rm iso 
·, .. tJe~ (!(ic;'lg m "<'ff!PI"" "'" re!" fi(Tl"l~ po<ioo .raid ocr .=. d tn. ~ad ofm 
~j,<" T!.... ..,..p~""" ~f tho ro.. .meld tAt ot loost 1 LSB 
Wt .... , od<Ir!;; ""ik" cO"" to 0 ~<TJOI, it;s irrpjf<"-"", to ~ t .. ,t ntise "", 
,.....,"" ~ of ' • . '0; ,,,,",, ,i , rt "","feoo'fJi'-<J th,~r",. 'my cOl<3e on oIfsel. "5 
.r-"",,:r ;-iIJI~ 3-, 
Fi~~). Grrs.t c~d I;iv ''''''o,,"C'ort """""c'J. 

T>-':' ~od ~'". · ~ u>n·"te. tr. ""e-,-"i'~ v",,-", of ,ho S"'""OQtn <i'T'Ol. fiQU" 3-3 ~~) 
,'.iii ,"-"" d ne)O~'", cll'3€;, r>;go Yl ih) ~.rj CI!U'>' 'flO''''''' _. In F>\;'-'" 3 3 
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[el &>0 <"'''~ i< ,,-,n\d<irt, on:l _ot;s a'-<>idQd. To CfO_,ro ..., OI1JM,1 e',,"e ~T~ : 

"'" oI':!£ A\.Rs ,oo--<:Ors con be ~""d. SIn::e the cG<rtef ard the JVC "'" e·.., "".~ 
<:lock 5C<.rc., ttl, """" It>€ poo:sfb . ty of ~ZOI>;l tho 00,. oW" ,&'-ctI<'Q 
rro""",rctos to ~ cl'fiM 

A Brew ~I.ste< .., D<.n:n ~ to ""~""'" !hi! l<~a!UlI cl " prr:-:--Il.s n Hs 
~.rw.<iry_ A ,;"'" YO'Y,," >i;T"dl "'I""~. t"~ ~,ot.ro mo,~, <Yld 11>0 
"lCflirJoI -..goo i" it> ' rMuTrrrtoi ~"POr"'-"' i. 2,~ V, HIVe 34 TOW-:; tho 
<h>r~i",;c "'tho t."'P"'~lcI"-"',,,,",ir," do,;,,, 

F;gono~ Vdtd\/< 1T ",~·'tuf ~...-ctl<1'l 

vo""'" 
"" 

/ 
-----x , , 

/ i , 
"-----",7,-------.. T ... p.C>'"" 

' -Gl 

Tr.. ar""" M"""" oc..mt"...,... te _'" tho ~ ''''''l'' afth> ifTJU: slrpoI iY'd 
<:r:oose • • 50! .-.ferar£" ""t ...... fa-;", ,o.DC 11 th. 0.> ••• lO_tit ADC cilorrri 
pr<Md;l a "crtoJ<f>ian ",,,,--,,,, ""Cl.O -ot~ <ncu;I1. "'''''' !he ~. LSB r"",""''':< 0 
~rw '~p'_ T>j, i~ '-"'><C' rkn:j. ·,:rco II>s w/I. (),., • ",,,-,, t/1O{ rr-t1j I>e '-4> to 
u'25"C crr TOO Be"", M.""" d<I~ce. the ,.rut to h,ov< 0_1 'I:: """'~"'Y. W*:n 
o.~"",. ~ resoU:Jan hoIow<m/. If tho mo.a><.<amortwo. ropr~o_d tty. 
12 tlit'5 /JDC, It. 'odl<!'}2 '<;I:"fI "'f.",serting LSf! wtio <Iocro ..... to _1 :?;>rrW. '11M< 
the 8n>wM~!it~r r~_ tIl ,:Xl i. to ,,-,".farm "'" lO·t>'> AOC to ""r\uoI 12-t;! {.DC 

TN rou: "',",," i. v~ ""'Y ,j'JMY; ~ "'-'Y "'*' s.n~ freQ..H"-Y i, rr..'~k:f< 
net r~o.hd. Accrrdr"l to tho "_.Ooot. tho ;.DC cb':k ffW--""':Y ,"",,_M bo 
__ ~on .-.:1<l-Iz "-0 20011> to .,.-""-'~ 10-b', eWecti", r''''-'C/''<'<'_ T1'<I a·"w M,:,&.,. 
.tl<n r"", ct<:xnes • 'U<Hz AD:: (Ic.c" hq<"""I, Thon tho ~;r'o\l h'l-JO<xy 
l:!>c"'''''s ~3&:O SPS_ At "'" .x.i"t lho DC v.>Iu~ "' .. "'p'~''''<1: Iho "'''V'ratull 
o"'.~ i. 2.4nW, T obi. 3- L ,I"""" ~ citfer",t ""sO ,<im cux,.., r eiJ'''-'K>;j 
ji, ,,""'" \"~ VI~ _ 2A7:"N ,.--,j'.Jf\EF ., 'N, 

AimEL 7 
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~-----
~,~ ~" "'" , .. ".,. ~,- ",,,,",u,,. 

R .. oIo.';oo ,,,..,. .. ,., ".,:", ,I ; r.c,", "'~.,"'''' oc," c ""-, i"" "" B •• ,u.,.,; '_lI, 
, .... .. 

:D b, • 0' " "' , 10C' ,,, .. ~'fl[>.~-" 

" ~" " ,.,/ " " wn '.4C-07, ' ~l""","' ., 

""" ~l ''''''' ,. " =, Hll'N ,",,,",,,'" 

Btl '""'" ~ - , ~, • .4=V _UI'H. 

[Hi< ~ ~ ,~ « .. ro >.47"'" _25,k ' 

"" _l",' ,"., 1M"" ~ ,,,''''' ',4""" _7>+, .. 

" " t -. "I' ,,~ ~ 32413 ,.on"'-' .;,." '. 
-

Tho ",,,,-It cf ' j,>;j~ ce" .. ,""'" i. 5<.l5, M1 d 1 $. "..,.. (j""'-" "."'1 ,.om ~ &.t 
~;> '>''''''! ~ "'Xl COIT~_~ ttl leo' ....,."'~ 2.':;;83\1. TI," """"' U" .r,,,, """,ti!" , '101 OM",. ... = in !nO tt"l"'rotL<~ "",,,,-,,,,,-,.,,t. In c«t"'~ ,,,,<is trl< 
rrlcJ" bo cr~. "'" CT d...<lo<i '-"'!<::to; " >I"", ~Iy 'rd. Oo. ~ cd., 'G 
lroke~" decJrroo", ~~ r. "IilI~ 

To .-..::"',£« tho ro<dLtlrn by rno ~ fe,,.. S<rf[:'es ~= 'l";) ~ ''''';<j"i>cmx>:f MO 

"",,":1. n~"" =---pos n,,,,, v~ .. U-"t rj "",- r,<>" €""_~ c:m..r '"'I • r'!N I Sf>, 100"''''0 
c( ti" ,- lis<, ,,-,.,. 'eu S1fY'fJIes ..... ~C~, em .. ,r;! .. . ";()~ , ~ _ l02~ 
Acv;::<cIro;i :0 tho. _.~ P",-..:~~ tt--., ",""""",,'.-ow r>l"ed '_0 be ""Olea ba.cK to u­
tit. ~ , .. iK& :o ~ ri-;;"t m'i<<J" ~"""', -."""'" ~ I.~. aes;'en ""Yo ,,;moor ,"/ b: t<, 
I he '",,-cit I; 1012, "~ec , "",p"i"l "'''' re,,,,"',,,,,, it '~' 10 pc,,~~o t<> od,."" 
<""T" " \»""''''' n-~ ai..,w CIJ""I!z, 1!cr1 ~r", "'ii!, ;r", ~()')<II is ~~d 
<Y1->;/o '" ir>:r<"".;" ,~ (e'>Q·U' (.T\ ".(~"·f, to 12 r..t A<:tIt'\l 10; 1~_"i: <ocrp., .rn 
(i,,~-;J j/ljf\1 tt. ,""'-" 2 t\rMs ;~I <II th. T". r.~~t ;, 201~. Th< Qntor '" ,ru" 
" .I ot1 •. "'n:. "'" Off"-~ i~ r"'JAOO to ·-~ ,22'trW "SIt¥J • 12 !>t r."it T1"jg 

~<",-q;:le iI'K:1W3 iM "'" ''''leW-", "'",,~d orr;~m, '*>wy,..,)", ~fTl'I, c~d 2'000 
trrlO" _ ",,"-."'1<1. ,~th , _.6<JI' ~" ~'-""C, of --'MY, '-':W r .. 2'" s...-rf'l~' ,.or 
>."c.'~J wtr\ , 11""" "'~, onc;l ~ 'vej",,,,, ~c(lX""Y c;( -,ULn1I/ 

Tho '_,,,cr niT< >t'!I w.tn: to ~V>n 0l1: ,;;g1<'i ~<x'-"'jc .. ' toll ave.-iYJ"'l J~ V-Ht 
=rV.~, u .. co,~::no! wJy. TC.S,. (\(>-)00 t>{ oddoq 15 ~< N"d d ... d"",;-" 
,..'c-: b';I 1';. N tho ."" tho lJO<'t' ,,,., l~ 5 0S C<n>stil-.;J of ~6 ~r~o 12-dt 
octiICort ,~"". :1:>. l~· . 1>) _ 39"J), 

• t-k<=1 "' .. 'HMjr'{J 'Mll erinirrizo "'" LCf1""'-~f .. ::e, o! ,~",Jm1 ra" 
• 'av.,';,'n~ "cd OO<:ilmOlOO' \'.II ,-,oj ;" 'hi .--.-."" to .--r....-x. tho ",,"".oon 
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3.6 Exampl .. 2 

AVR121 

To sr.:;.... It>e "1!<:J~rKY or tn, rneTood, m. rot~ """"1>0 I'f1 .now trial it " ex>: 
""".,sory to """ on e>terrW ADC tel Cl'lt H\t>l< ""GUO<:'\'. A ~\1" 1 'J'l"""tor i~ U5<d 
to "''''''''' " ...... rarrp,;q-.,I t:001 o.r to W. "' 0 '1(:IoJ ""'s~' .~,.ot, 'AIIh" 
9T"ill"""f""'" .rn on 1 ... >'1'. con'roIor Pc.o:nod irnl on S rK500 00Md, thonI rray ncr 
bit ~ rx;j", tIl toq;j< the 1_ I",,, bt< of tho la-at '"<7"1 _ ~ i< ~10flI 
noce,s"'Y to odd ortlf<:iOl 'r""'· to tho icp..t Si<;l1lli, to """'" UlO LSB IDnQ_ , ou­

rret:nad< ".". cGed !OXe~" 
• A~ ruse, o-".,-otedt·y 0 '">1'.aI ~a-, dIr .. ctIytothe iCW ~IT"", 

• c""""~ cd",~jU-,thoAVR. ~ ~\'M. om !Y.ldc~ ittO~'" ~~ 

• Molin!) "" .. , QIIr~"",d t<v ttl< AVR, to AliEF ~ """Il AyeC "" \/REF 

• Addng oost, !J'l"'fotlld!Jy mo '>'\11\, ttl AREf v.her. """J MEF os VRH 

no< .,,"'oS! way to dthe> ~ 51'71"11 ' to odd'.""'" moe <jcectly to 11'<> '"'TJI!I , t<.t;n 
rro'" GO"'" U, ",,,,,,r ())e o ra rn..., Cf 00., rrt,NNt t1l "","", Hs <jnj of ""' .. i;l(11Ol 
" It>e me.5l.I"\ro;I eo.1f::rm>rt5. A rro-. ","""ot:l~"..,.tt;:x1 is te sO\ tV """ QI tt>o 
CQJt"", Inh ,,\Ill to prad.co. PM>! ~ ard ~ 1"",_, U<r ths '"",,,,,' to 
~or as a DC ""'" ~ ,w. ~-t<>-p"ok """"" of. !~W LSB. M e~ 0I,;urn • 
lit«s """'is <rd ~ v~, "'~ ~ In FIQJo 3-5, 

Fi~MiY-U.( 

'" .. 

:r:: 

. ,. , [I ~-{.,;,;J~~=,;,~.~}L- '''''' "C "ot" 

IllKe _ W, tr<o ~tered sl!}'<11 0[ the A".EF P'~ OWOOtS os 2.W W"ien me c{lU"'{ers 
ci.<y_q<:10 i. ()',I; • .",..,-j as 5V """n 11" .• ca.rt.r< cUy_q<:I. '" 100%. In ths; "~. 
U", cuy q<:1e J1tlo P ..... l>4-~ i' 50',., """!t>O' "' .. ~ is ~ Thl 
la.:n pottrtk:mot<r Is; used 1D oclll'St tns~. Tho P'",,"- "'~ is; =o.<hoc ~< 
t", ,.~r"''''. ~ t<> the ;'.X ot MEf , C' "" " """'. Qe""'Mrr <:<:o", <tec tv U., 
AREf pn. Wlh AVec oot os AD( 'ef"""",," W'~90. The l<:Ieo IS trot ,,-,-..,I: "MotiC<1S 
n tho ",f..-..n:. _"'7' ",I ~"" me some . rro", 0< ~ "",",nons n 1ho:npu: 
~g>oI, ~t <l,~""tI-" hlCt~~. 

~.., bJ"" ....... ~s; 
3-7 sh.:w.; 0 10--, 
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,:'<!oj. Ti .... ~.z~,."" 'Ep" ..-. wry ".,,\<.od. To ic=.so the 'o''''-~cn. tho 
,,"""';70<',..., "'~". co, .. ""' i::<> ,adnld 

Fi<;L'" 3-8 '"""" d 12-t;;t cl",""'. «Of OS","""'''', uf ~,< .'np.A > 17" "',,,,, AA~f " 
e,., ADC '"~~ , =" .utol)e . ..-.:t AREF ;s oOjo;{j ~ lev( lS8 oo,~, Accc.-.:tr.;; ro 
E('J.Ji}1JO" col M'" 12-i":O: "",it ''''''= rI \5 lO_h' <;1Irrf.""- Tho. 010<: .. ""'" 
o1·""t'o f<:< "'. ,\IX'_, ~c<l io 'Kcord>rc. \o\oirt1 Appicotic.' Ptl. Av;n;>Q, Ih! QOiI)­
..-rcr ",,"0 "IO_d dq..",m.rt. f'~ 3-9 >haws 0 A-bit cI,ue:O rop·e .. rtd\j"" '" 

tho no: >I.'T"O .m F'gJ·. 3 to ~ tho lti-ti: :150=. '''P''seli:dti<rl ofU", '<nl 
o;~. 'N'C,,~ m:·o>ucc<,l , ~T"I ~~"r .. ~ci>., Q "I"" lMl ,. 'or",,," v0tlr._ i, 
v""' ..... 'I<'~ i,- Ui< "J"....--p.o. ~ I" ~ to l-...-nerrio ... &d "'" ttm ""'" trcttr:.n 
,-"s or. ''''CC"_0I:'i:!1e Sl'lffil v,""" "' thO ""'~.n. n'!he r.o"" <Iq".oI, 'i'-h1' 
"'\tt r.r:ll'lG<1 .-n "'" ~c 'N:f1' 0' rho "..,,,,,,,j ~\J101 In:ti< C~I,",O C""~ os 
" sor.-y "-..n-p-,, "'" o-if""",,,wo< "qustod /or 10C~; 

FIg<.n.;!-6, R,,'Tl ~i(J" , ,] W 1:= ~,n...T<0n:<J5 

"-" , 
"-" ; 
'," 

• ...,, 'kJ ... , CI-O'V. '-"""io<yrK""'-'< 

--
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I , ..... .... -
I ::j"""""""~~ •. " r---- --------- -----...... -... ~ 

:!: 2." ______ ~ 
1"" ~'----'--'; ... c-.~. 
i 2:'~ I ~-~ .. --

o ""F-.. ~ ",.0 

'." 
'-" 

" ,.- f;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;,l 
'" " """"""""M 

0-" con """'IV"" that ~,. ,,oTog the ", ... rs.'-'-~:W" '"", '"'(.,..,~oo ,-,-.,:hoo;1 ~ " 
~_ to ir.rr<''''' fesdVic:n '''IT'lc<trIJy 
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AVR121 

Wh.~ tho AD:. <Nr""~ , ~'T"4, ~ ~z.~ 1"! SJ~I n " """'0 = " Th . 
im-odL • • w:" • • ,,-cr, C::m ,"f_~d to ~~ ",-orn,.o"" .,ca-, Ncm1o! ...,....qilq \0\01 
Y>'y ov." "'" "'1TI'i l lrlJ3'=, '."hI. O""",...om WlI ...."..,. ;n, "'~m . , , 4-
r;.-,"'''<M',,,,,,,,,.rl ';<YJI!O, !'>r "'i<><,or1: _, rKMB "'-0 ~"""~xl'" ~<O(U-O , , . ,"" 
,,",,0 roir1:. V,'t><h I"<QI-lffi<Y to ~. ~-,. ,"\Tal wth. C<>"1 "" cola.Jdtod cry 
"OM'0Cn 3-1, A<.O:J "" "",,, •• Alo ,,~S ",)(J rI\1't-sMI!r" no" '""clt by d '.(tct ,~, 
~'"<iS • ,.~i>.i[ """" r~m ;o:,-.~""d oy n !lIS, A''''''09rxl ")IJ ;',OC 'orut!; to 'l"! • 
"<WAlK ,e""" i. u--.. _..,.s I(:no ~DC "",,-paa et 'I, cf:hf :~t., blt ":~" "",,:t.. 
eif..:t CJ( a ... "",cg 1>e q.....-tlz"""" "",", """ml"TFJ''''" q$l. Tris \'.il if'C'.""" "'" 
[,\;03 .cd C"""," tr .. q.""'7~tinr.:><mr ~ tho ,,,,,,""-"'<v or r~.w- ~[;C< .......:l v<th 
I"", ""''''''''Y c=, "'. ,cvart.o\lO> c( ""-""""rWt:.l "'. cost o!f<"t.>.", ~,)(J ~">i,,:J. 

• ~orr", ",j", hoc, '-U lJe pr.~rt \~:ho ~1J"'4, otl""'" 1 LSB, 
• ,ftt>. ca •• "'rpltcojo ;, 'tt ='lc-<--t, . <10 00"'- '" "'" ~'.I"1. 

• Aco.snJate 4' l~-fjt ,..-rp:." '''''"'" n 1< 71'. do'ii.'~rl oAr. rurbcr ~f bto:n thO 

r"""'~r.t'I 
• Scol. TIO accun1ote<l r=lI:, c.y,;g-.- <;Ci1i"[J t n tIm>. 

• C""pcrYX<!< h "'''''-'' xror.Jrqto ,o,pd,cotm \k:t€ AI,'B120 

-
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Atmel CO'pot«tlon 
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'-.,"'= 
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"""'=~ "..-,.-~ w __ , ...... ,x_, o· ~ ·_o~_'.~, ,"" ",. .. " '" , .... """",. ""Off" .. "" roo", "' own', ""'" • .., 
".,..,.." or .. '" ,oc.<ru> OM .,,,ft·, ... ~ '"",, .-.-.. .. ,,_, no , ~ .. "" _""'''''. AI., "",01._ .,.. "'"'''.''''''''' 
"" "AWl""" ...... !flY .. IA-'-; TO '" .. ".'""''' ""-''''' .... ..,-, "'" ,""-'0 Tu. "'" .. "UO ... , ....... '" ,",'''''''~TA'''-<JY, ,m.", '"'" A "'''''"-0, ",-",pu,~ "" ''''''"''''''INGc''"''" ... 00 .".", ........ C .TMfC .. """. """ MV .,.,cr. "",,..cr, 
c.no ...... ,"'"", ' ''.'''''-. , ... uo" "" ........ "'.C ........ G<. _'-"""">. """"""'lNT'""" _<E, "'" ",,, 0'''""",,, '""""" 
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AO""~ '" _ "'''.''l'''' '" .~n , .... "' .. , ... ~~~ ~ =-~"c, w • ..-"~,, ~_, . ... KO_O', ~ ,~ ~ ,.~ 
,~_, ... '" "" .. __ ... ~,~ ... _3 """" '",",,' ~ ,,""k_~ "" ~_( .... _ .. ~~~." ...... _ •. ",.: ,.., ""_ •• ~ 
,~_~" , ... ~ ............... " .. ~, _ C'" '" .. "Ok ..... _do< ._._ ."'" ~,"""" , ,. "",.-..... ;0,0 J", "" •• ",", ~ 
--... ....... >~ ..... , ","'~ ... ""' ...... , """''''. "._", ,",,~M c~._~ _" .. ,,,",,",,,,,",,, _~~~" .... 
,,_ C""""moo:>OO>. '" ,;,;I" ,........., ....".. •. ~'" .... ,~"""",, ... ,d .• '....,.-,. ,," __ ~""~. ~\ ... ,""""~ ,.-,cl 

, ........ ;.. ,,~,""«l ,-,,,-,<;,w" '" .-.... ,...'" ",,-_ C=,"",on '" '" .............. ~ .. "'" one ""'''''' """" ,...,. "" 
.. ><IoewI,oi""", 
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Appendix VII- Detail design drawing 

Assembly Exploded 

Isometric View - Flywheel 
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Flywh eel - Side view 
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Flywheel - Plan view 
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Flywheel detailed drawing 
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Flywheel Assembly drawing 
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Flywheel modified drawing to accommodate machine and bearing components 
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Flywheel profile for mould manufacture 




